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RESUMO 
 
Interações planta-patógeno possuem uma ampla participação de mecanismos 
moleculares que dirigem todo o processo de manutenção e disseminação do 
patógeno em seu hospedeiro. X. fastidiosa é uma bactéria fitopatogênica com 
grande repercussão em importantes culturas agronômicas no mundo, como, por 
exemplo, na citricultura brasileira. Estudos acerca da compreensão dos mecanismos 
de patogenicidade de X. fastidiosa puderam ser melhor desenvolvidos após o 
sequenciamento do seu genoma, gerando novas informações e questionamentos 
em relação ao seu comportamento biológico e molecular. Desta forma, o presente 
trabalho tem por objetivo caracterizar a função da proteína VapD, acrônimo em 
inglês designado para virulence-associated protein D, produto da ORF XFb0051. 
Para tanto, foram utilizadas técnicas de imunodetecção por western blot para 
avaliação da expressão da proteína nos diferentes estágios de desenvolvimento do 
biofilme de X. fastidiosa, além de testes funcionais por meio de dicroísmo circular 
com desenovelamento térmico e testes de atividade de ribonuclease. Nossos 
resultados mostraram que VapD é uma proteína termoestável com atividade de 
ribonuclease, com maior expressão nas fases de maturação do biofilme, e de 
dispersão. Adicionalmente, VapD mostrou alta homologia estrutural com VapD de 
Helicobacter pylori. Simultaneamente foi realizado um estudo detalhado do perfil de 
secreção in vitro de proteínas de X. fastidiosa em diferentes estágios de formação 
do biofilme, e, adicionalmente, o perfil de secreção após ser submetida a uma 
dosagem subletal de tetraciclina, e também em meio contendo dosagem 
suplementar de cálcio (II). Nossos resultados mostraram um aumento do número de 
proteínas secretadas concomitante ao desenvolvimento do biofilme, podendo ser 
identificadas 50 proteínas na estirpe virulenta 9a5c e 48 na avirulenta J1a12, 
totalizando 74 diferentes proteínas em ambas as estirpes analisadas. Não houve 
diferença quantitativa sob uma dosagem subletal de tetraciclina, enquanto que sob 
uma suplementação com cálcio (II), houve considerável aumento da formação de 
biofilme e redução drástica de proteínas secretadas. Os resultados obtidos neste 
trabalho agregam informações inéditas acerca do comportamento biológico e 
molecular de X. fastidiosa, gerando subsídios para uma maior investigação referente 
ao seu complexo mecanismo de patogenicidade.  
Palavras-chave: Xylella fastidiosa, proteínas, fatores de virulência, secretoma. 
  
ABSTRACT 
 
A broad range of molecular mechanisms contributes to plant-pathogen 
interaction, driving the maintenance and spread of the pathogen within the host. 
Xylella fastidiosa is a plant pathogen bacterium responsible for economic losses in 
many different crops worldwide, such as citrus in Brazil. Based on genome sequence 
of X. fastidiosa, new approaches may enable a better understand of its biological and 
molecular behavior. Therefore, this work aimed to characterize the function of VapD 
protein, acronym of virulence-associated protein D, ORF XFb0051. So, were used 
immunodetection assay by western blot for quantification of its relative expression 
levels in X. fastidiosa biofilm stages, and functional assays from circular dichroism 
unfold-refolding, and ribonuclease activity test. The results showed that VapD is a 
thermostable protein with ribonuclease activity, and higher expression in mature 
biofilm and dispersion stages. In addition, VapD showed high structural homology to 
VapD from Helicobacter pylori.  At the same time a detailed study of the protein 
secretion profile in vitro of proteins of X. fastidiosa at different stages of biofilm 
formation was carried out. Additionally, a thorough analysis of the proteins secreted 
by X. fastidiosa was performed after treatment with a subinhibitory dosage of 
tetracycline and in media supplemented with calcium (II). The results showed an 
increase in secreted proteins concomitant with biofilm development, and identified 50 
proteins from 9a5c virulent and 48 proteins from J1a12 avirulent strains, totaling 74 
non-redundant proteins. There was no quantitative difference in response to 
subinhibitory concentrations of tetracycline, while the calcium (II) supplementation 
increase biofilm formation and decrease drastically the secreted proteins. The results 
of this study add new information about the biological and molecular behavior of X. 
fastidiosa, generating basis for the further research about its complex mechanism of 
pathogenicity.  
  
Keywords: Xylella fastidiosa, protein, virulence factors secretome. 
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ORGANIZAÇÃO DA TESE 
 
 Inicialmente será apresentada uma Introdução geral do assunto abordado 
nesta tese, seguida de uma Revisão Bibliográfica referente aos aspectos mais 
relevantes do presente estudo, como a importância da citricultura na economia 
brasileira, os desafios da cultura frente à doença clorose variegada dos citros, e os 
aspectos biológicos e moleculares da bactéria Xylella fastidiosa, patógeno 
responsável pela doença. 
 Em seguida, serão apresentados os Objetivos deste trabalho, seguido pelos 
Resultados e Discussão obtidos referentes ao estudo do fitopatógeno. Os 
resultados serão apresentados na forma de manuscrito, previamente submetidos 
para divulgação científica em revistas correspondente à área de estudo. O 
manuscrito 1, intitulado “Secretome comparative analysis of Xylella fastidiosa in 
five stages of biofilm formation and in response to calcium and tetracycline 
treatment” faz uma análise detalhada das proteínas secretadas por X. fastidiosa nos 
diferentes estágios de desenvolvimento do biofilme, além da análise do perfil de 
secreção após a bactéria ser submetida a uma dosagem subletal de tetraciclina 
como agente antagônico, e após as células serem crescidas em meio suplementado 
com cálcio (II). O manuscrito 2, intitulado “VapD from Xylella fastidiosa is a 
Thermostable Protein with Ribonuclease Activity” faz uma análise funcional da 
proteína VapD, mostrando a sua participação em nível de expressão proteica 
durante a formação do biofilme de X. fastidiosa.  
 Adicionalmente, serão apresentadas as Discussões Gerais, seguidas por um 
Resumo dos Resultados, Conclusões e Perspectivas acerca dos resultados 
obtidos no trabalho. Por fim, será apresentada a Bibliografia referente aos tópicos 
de construção da tese. 
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1. INTRODUÇÃO  
 
A cultura do citros é uma das atividades agrícolas mais importantes do Brasil, 
responsável pelo incremento de divisas por meio da grande exportação dos seus 
subprodutos, além de fomentar e incrementar o acesso ao emprego em diversas 
etapas da sua cadeia produtiva [1]. Não diferente de outras grandes culturas, os 
citros também sofrem com a ocorrência de doenças que, se não controladas, 
diminuem e inviabilizam toda a sua produção. No Brasil, os pomares de laranja 
foram alvo da bactéria Xylella fastidiosa, cuja doença ficou conhecida por clorose 
variegada dos citros, ou apenas CVC, chegando a contaminar 37,57% das plantas 
do estado de São Paulo, no ano de 2012, segundo levantamento realizado pela 
Fundecitrus naquela época. Entretanto, o acúmulo de conhecimento acerca do 
patógeno, somado à melhoria das práticas de manejo da cultura, contribuíram 
substancialmente para na redução da prevalência da CVC para 6,77% das 
laranjeiras analisadas, com base no último levantamento realizado pela Fundecitrus 
no primeiro semestre de 2015. X. fastidiosa infecta as plantas por meio de insetos 
vetores conhecidos por cigarrinhas, e após colonizar os vasos xilemáticos da planta, 
forma um biofilme que obstrui o fluxo ascendente de seiva, causando deficiência 
hídrica e nutricional, e, consequentemente, redução na produtividade [2,3]. 
A formação do biofilme por bactérias patogênicas é um dos principais desafios no 
combate a estes microrganismos. Sua função é de extrema importância no processo 
de infecção e manutenção dentro do hospedeiro, uma vez que sua estrutura auxilia 
na resistência a diferentes agentes antagônicos às células bacterianas, tornando-as 
menos suscetíveis aos mecanismos moleculares de intervenção do hospedeiro [4]. 
Os biofilmes são uma matriz de estrutura complexa, formada por um aglomerado de 
células na maioria mortas, substâncias poliméricas extracelulares, proteínas, DNA, 
entre outros compostos [5]. Entretanto, toda essa estrutura está sob o controle de 
um mecanismo de comunicação célula-célula chamado de quorum sensing, o qual 
se dá pelo acúmulo de diffusible signals factors (DSF) concomitante ao aumento da 
densidade celular [6,7,8]. A detecção de DSF pelas células, devido a sua alta 
concentração no ambiente, coordena a expressão de genes relacionados a 
diferentes processos celulares, como indução de fatores de virulência, produção de 
adesinas, entre outros [9]. 
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Após o sequenciamento do genoma da estirpe 9a5c de X. fastidiosa, novos 
conhecimentos acerca dos mecanismos de ação deste fitopatógeno puderam ser 
elucidadas, sendo concluído que sua base molecular de patogenicidade é 
conservada e independente do hospedeiro [10]. Por outro lado, muitos genes 
continuam sem predição funcional, mesmo quantitativamente representando grande 
parte do genoma (47% das ORFs). Assim, faz-se necessário aprofundar o estudo de 
proteínas sem caracterização, no intuito de acrescentar informações importantes 
acerca do comportamento do patógeno.  
Desta forma, este trabalho teve por objetivo realizar um estudo de caracterização 
funcional da proteína VapD, ORF XFb0051, única ORF entre as 64 localizadas no 
plasmídeo pXF51 predita como associada à virulência (virulence-associated protein 
D), porém, sem estudos publicados que evidenciem a sua participação no processo 
de patogenicidade de X. fastidiosa.  De forma mais abrangente, foi realizado um 
estudo com o objetivo de identificar as proteínas secretadas por X. fastidiosa durante 
todo o processo de formação de biofilme, além de seu secretoma sob a indução de 
tetraciclina como agente antagônico subletal, e sob o efeito do meio de crescimento 
suplementado com cálcio (II), íon já descrito como agente fomentador de 
desenvolvimento do biofilme [11,12]. 
Com os resultados aqui apresentados, esperamos acrescentar informações de 
forma substancial para um melhor conhecimento de X. fastidiosa e seus 
mecanismos de patogenicidade.  
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2. REVISÃO DE LITERATURA 
  
2.1. A citricultura e sua importância econômica no Brasil 
 
A participação da agricultura na economia brasileira é historicamente 
associada à grande produção de receita, obtida principalmente através da 
exportação do produto agrícola sob a forma de commodities. A participação da 
citricultura no agronegócio brasileiro consolidou-se entre os anos de 1990 e 1999 
com uma alta da produção de laranja, que levou o país à liderança no setor [1]. 
Atualmente, o Brasil é o maior exportador de suco e laranja, responsável por 57% da 
produção mundial da bebida, sendo todo o setor citrícola responsável por uma 
receita de 1,5 a 2,5 bilhões de dólares anuais ao país [1]. Internamente, o estado de 
São Paulo lidera a produção nacional de laranja, com 11,86 milhões de toneladas 
obtidas na safra de 2014/2015, de acordo com dados obtidos pelo Instituto de 
Economia Agrícola de São Paulo [13]. A cadeia citrícola possui um alto valor 
agregado à sua matéria-prima. Além do suco extraído da polpa, é possível obter 
uma grande variedade de subprodutos, como o óleo da casca de laranja, a essência, 
o D-Limoneno ou terpeno cítrico, o farelo de polpa cítrica para alimentação animal, a 
pectina, e o etanol de segunda geração [1,14].  
 
 
2.2. Xylella fastidiosa: Infecção e disseminação  
 
 
 Não obstante ao expressivo sucesso da citricultura no Brasil, um dos 
maiores desafios à sua produtividade é a presença de doenças e pragas que 
reduzem a produção de frutos nos pomares. Um dos mais importantes agentes 
responsáveis por esta redução é a bactéria gram-negativa Xylella fastidiosa, agente 
causal da clorose variegada dos citros (CVC) ou “amarelinho” [2]. O processo de 
infecção se dá através de doze espécies de insetos vetores da ordem Hemíptera, 
família Cicadellidae (Tabela 1), popularmente chamados de cigarrinhas (Figura 1A). 
As bactérias encontram-se restritas à parte anterior do tubo digestivo (estomodeu), 
aderidas ao forro cuticular do pré-cibário, do cibário e da porção anterior do esôfago 
destes insetos [15,16] (Figura 1B). Desta forma, ao se alimentarem da seiva do 
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xilema das plantas, as cigarrinhas dão início ao processo de transmissão e infecção 
de uma planta para outra [3,17].   
Além dos citros, X. fastidiosa é responsável  por causar doenças em outras 
plantas de importância agronômica, como alfafa e videira [18], pessegueiros [19,20], 
amendoeiras [21], ameixeiras [22], cafeeiros [23], e mais recentemente em oliveiras 
no sul da Itália [24]. O principal mecanismo de patogenicidade de X. fastidiosa é a 
oclusão de vasos xilemáticos devido a formação de biofilme (Figura 1C) e sua 
disseminação para os vasos adjacentes através de aberturas pontuais denominadas 
pit membranas [25-28] (Figura 1D). Como consequência da infecção, ocorre um 
estresse hídrico e nutricional na planta que, consequentemente, impacta no 
desenvolvimento de ramos e frutos (Figura 2).  
 
 
Tabela 1: Espécies de cigarrinhas e eficiência de transmissão de Xylella fastidiosa 
causadoras da CVC em citros  
 
Espécies de cigarrinhas Eficiência de transmissão 
Macugonalia leucomelas3 17,3% 
Bucephalogonia xanthophis2 12,8% 
Dilobopterus costalimai1 5,5% 
Plesiommata corniculata3 2,9% 
Parathona gratiosa 2,8% 
Acrogonia citrina1 2,3% 
Ferrariana trivittata3 1,9% 
Oncometopia facialis1 1,3% 
Sonesimia grossa3 1,2% 
Homalodisca ignorata 0,5% 
Acrogonia virescens 0,3% 
Fingeriana dubia4 Pouco eficiente 
 
1Mais comuns; 2Mais encontrada em mudas; 3Raramente 
encontradas; 4mais nova espécie identificada. Fonte: 
Fundecitrus (2015). 
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Figura 1. Processo de infecção e disseminação de Xylella fastidiosa em plantas de 
citros. (A) Inseto vetor infecta a planta ao se alimentar da seiva do xilema. (B) 
Fotomicrografia do estomodeu de uma cigarrinha infectada por X. fastidiosa. (C) 
Representação e fotomicrografia de vaso xilemático ocluído pela formação de 
biofilme de X. fastidiosa (detalhes em vermelho e rosa). (D) Fotomicrografia de vaso 
xilemático contendo pit membranas pontuais, as quais são utilizadas por X. 
fastidiosa para infectarem vasos adjacentes (seta vermelha). 
Fonte: (A) Ted C. MacRae, website: https://beetlesinthebush.wordpress.com/; (B) 
Newman et al. (2004); (C) Auburn University; (D) Alves et. al. (2009).  
 
 
Figura 2. Sintomas da infecção de X. fastidiosa em plantas de Citrus sinensis. 
Manchas cloróticas nas folhas (A); evoluem com o aparecimento de uma coloração 
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de aparência necrótica (B); podendo afetar a qualidade dos frutos (C). Fonte: 
Fundecitrus (2015). 
 
2.3. Biofilme e seus estágios de formação  
 
O processo de desenvolvimento de Xylella fastidiosa no hospedeiro possui 
duas fases, uma planctônica, onde as células encontram-se livres no meio, e uma 
fase de biofilme, onde as células associam-se em uma matriz de composição 
química complexa. A estrutura do biofilme, em grande parte, é composta por células 
microbianas mortas, substâncias poliméricas extracelulares (EPS), proteínas e 
ácidos nucleicos, cuja função, entre outras, é a de proteger as células de agentes 
estressantes, como radiação UV e compostos antimicrobianos [3-5].  
A formação do biofilme de X. fastidiosa, em uma superfície abiótica, envolve 
cinco estágios de desenvolvimento [29] (Figura 3). O primeiro estágio é constituído 
pela adesão reversível das células do estado planctônico a uma superfície, por meio 
de interações eletrostáticas inespecíficas de proteínas da região polar de cada célula 
[30]. Em seguida, em um segundo estágio, a adesão das células torna-se 
irreversível, fator decorrente da ação de EPS [30,31]. O terceiro estágio consolida-se 
pelo início da maturação e desenvolvimento da arquitetura do biofilme, onde se pode 
destacar maior densidade celular e uma intensa atividade de quorum sensing (QS), 
um mecanismo de comunicação entre as células bacterianas por meio de sinais 
moleculares conhecidos como diffusible signal factors ou DSF [8,32]. O QS é um 
importante mecanismo responsável pela coordenação da expressão de genes e 
defesa da bactéria a agentes antagônicos [6,9,33]. O quarto estágio no processo de 
formação do biofilme é caracterizada pela total maturação e complexidade da sua 
arquitetura. O quinto estágio é determinado pelo processo de dispersão das células 
da matriz do biofilme, que, desta forma, retornam à fase planctônica.  
 O sucesso da patogenicidade de X. fastidiosa está diretamente associado 
com a presença de adesinas, proteínas essenciais para a formação do biofilme. 
Existem dois tipos de adesinas, as fimbriais e as afimbriais. As adesinas fimbriais 
(Latim para franja), são proteínas cujas estruturas caracterizam-se por apêndices 
que se irradiam a partir da superfície bacteriana, utilizadas pelas células nos 
processo de transferência de DNA, locomoção, para fixar-se às células do 
hospedeiro e também fixarem-se umas às outras [34]. As adesinas fimbriais são 
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divididas em fimbria, formadas por estruturas mais finas e menores, e presentes em 
grande quantidade; e pili, formadas por estruturas maiores e mais grossas, e 
presentes em menor quantidade. As adesinas afimbriais são proteínas secretadas 
com função de adesão no processo de formação do biofilme. 
 
 
 
Figura 3. Estágios de desenvolvimento do biofilme de X. fastidiosa. As células 
planctônicas iniciam um processo de adesão ainda reversível à superfície (1), 
seguida por uma adesão irreversível (2). O biofilme inicia seu processo de 
maturação e formação de sua arquitetura (3), seguido por sua total maturação (4). 
Por fim, células se dispersam a partir do biofilme, voltando à fase planctônica.  Os 
dias abaixo de cada estágio indicam a relação com o tempo aproximado de 
crescimento in vitro necessário para a observação de cada estágio [29]. 
 
 
2.4. Virulence-associated protein D - VapD  
 
Após o sequenciamento de genoma de X. fastidiosa (9a5c), muitos genes 
foram preditos como de virulência ou associadas à virulência. Os genes de virulência 
são aqueles diretamente envolvidos no dano ao hospedeiro, cuja ausência na 
interação estabelece um processo de não patogenicidade [35]. Seguindo esta 
definição, genes associados à virulência possuem atividade secundária, modulando 
a expressão e atividade dos genes de virulência [35] (Figura 4). Com isso, conhecer 
a real função de genes relacionados à virulência pode significar um passo 
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importante na elucidação de algumas vias de patogenicidade. Um exemplo 
importante é a ORF XFb0051, que codifica para a proteína VapD (virulence-
associated protein D).  
 VapD é uma proteína de 17,6 kDa cuja ORF está localizada no plasmídeo 
pXF51 da estirpe 9a5c de X. fastidiosa. Possui uma estrutura secundária formada 
predominantemente por alfa hélice [36], além de uma alta identidade com VapD de 
outras espécies de bactérias gram negativas, como Helicobacter pylori. De acordo 
com análise em banco de dados (Pfam: PF09827), VapD é classificada como 
pertencente à proteína Cas2 associada à família CRISPR, um sistema imune 
bacteriano que confere resistência à material genético exógeno. CRISPR (clustered 
regularly interspaced short palindromic repeats) são repetições curtas, altamente 
conservadas e interespaçadas por sequências variadas, chamadas de spacers, os 
quais são geralmente formados pelas sequências exógenas de DNA [37]. CRISPR 
estão associados aos genes cas, os quais codificam para proteínas com diferentes 
funções no processo. A proteína Cas2, apesar de não ter uma função bem definida, 
é altamente conservada nos sistemas CRISPR/Cas bacterianos, e possui atividade 
de nuclease; entretanto, estudos com E. coli mostraram que Cas1 e Cas2 formam 
um complexo responsável pela aquisição de novos spacers [38,39].  
 VapD é uma proteína descrita em diferentes bactérias patogênicas, como 
Rhodococcus equi (NP_858470.1), Haemophilus influenzae, Neisseria gonorrhoeae 
(Acesso NCBI: CNQ47877.1), Neisseria meningitidis (ADZ04121.1), Helicobacter 
pylori (AAC45241.1), Campylobacter jejuni (WP_052797207.1), entre outras. 
Entretanto, sua função no patossistema não é bem definida. Estudos com VapD de 
R. equi mostraram que a proteína é secretada, e que participa de um cluster 
formado por três genes vap homólogos, vapA, vapI e vapC  [40]. Por outro lado, 
estudos em H. influenzae mostraram que VapD é uma toxina, e junto com a 
antitoxina VapX forma um sistema toxina-antitoxina VapDX, responsável pela 
resistência deste patógeno em células epiteliais e endotélio humano [41]. 
Caracterizações estruturais de VapD também apontam para uma divergência 
funcional entre diferentes bactérias com esta proteína. Enquanto a VapD de H. pylori 
possui uma estrutura predominantemente composta por α-hélices [42], a VapD de R. 
equi possui estrutura em β-barril [43] (Figura 5). 
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Figura 4: Definição de genes de virulência de acordo com a sua função no 
patossistema. Diagrama adaptado de Wassenar e Gaastra (2001), com respectiva 
definição ao lado direito. 
 
 
 
 
Figura 5. Estrutura da proteína Vap D de H. pylori e R. equi. RCSB Protein Data 
Bank. Fonte: Kwon et al. (2012); Whittingham et al. (2014). 
 
 
 
 
 
1. Interações diretas com o hospedeiro, 
responsável por danos durante a infecção, 
sendo ausente quando não há 
patogenicidade. 
 
2. Regulação da expressão dos genes de 
virulência, envolvidos na ativação de fatores 
de virulência por modificações pós-
traducionais, processamento ou secreção, ou 
são requeridos para a atividade de fatores de 
virulência. 
 
3. Permite a colonização do hospedeiro, evasão 
do sistema imune, sobrevivência intracelular. 
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2.5 Sistemas de secreção 
 
 Os sistemas de secreção compreendem um complexo sistema adaptativo 
com as quais as bactérias podem interferir no ambiente, e obter as condições 
favoráveis ao seu desenvolvimento e disseminação dentro do hospedeiro. 
Os seis diferentes sistemas de secreção em bactérias gram negativas são 
classificados em tipo 1 (SST1) até o SST6, os quais são responsáveis por dirigir o 
substrato secretado para três possíveis destinos: o substrato pode permanecer 
associado à membrana externa da bactéria, pode ser enviado para o meio 
extracelular, ou pode ser enviado para células-alvo eucarióticas [44,45]. Os seis 
tipos de sistema de secreção formam um complexo protéico que podem abranger 
ambas as membranas interna e externa (SST1, SST2, SST3, SST4 e SST6), ou 
apenas a membrana externa (SST5) (Figura 6). Bactérias Gram negativas possuem 
um SST7, compostas em sua maioria por micobactérias [46 Tseng]. Entretanto, 
existem dois tipos de sistemas de secreção que abrangem somente a membrana 
interna, chamadas de sistemas Sec-translocase (Sec) e twin-arginine translocation 
(Tat), importantes no complemento dos SST2 e SST5 [45,46,47].  O sistema Sec é 
formado por um complexo proteico com pelo menos seis proteínas, tais como SecY, 
SecE, SecG, SecB, SecF e YajC, além da SecA que é uma ATPase que cataliza a 
transferência da proteína fora do seu estado conformacional natural através do poro 
SecYEG [48,49]. O sistema Tat consiste de dois ou três subunidades de membrana 
integradas (TatA, TatB, TatC), cuja energia de translocação da proteína em sua 
conformação funcional se dá através de um gradiente eletroquímico de prótons ou 
quimiosmose [47].  
O SST1 está relacionado com a bomba de efluxo de diferentes categorias de 
compostos antibacterianos, além da secreção de alguns fatores de virulência, como 
metaloproteases e adesinas [45,46]. Sua estrutura é formada pela proteína TolC, um 
β-barril que se extende da membrana externa até o periplasma, ligando-se a uma 
proteína adaptadora que intermedeia a ligação com um componente da família de 
Transportadores ABC, na membrana interna [45,50,51]. O SST2 está presente na 
maioria das bactérias gram negativas. O sistema é composto por 12 a 15 diferentes 
proteínas as quais abrangem da membrana externa, através da proteína Secretin, 
até a membrana interna através de um complexo arranjo protéico. O processo de 
secreção é depende de duas etapas, em que a proteína é primeiro translocada do 
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citoplasma para o periplasma através dos sistemas Sec ou Tat. Já no periplasma, a 
proteína ganha sua conformação original e é conduzida como auxílio de pseudos pili 
através do aparato do SST2 [52]. Grande parte dos substratos secretados pelo 
SST2 são enzimas degradativas, como proteases, fosfolipases e quitinases [53]. O 
SST3 corresponde a uma nanomaquinaria (injectisome), também chamado de 
“agulha molecular”, por onde a bactéria injeta proteínas efetoras diretamente no 
citossol da célula hospedeira [44,54]. Mecanismos de defesa da planta costumam 
utilizar-se do SST3 bacteriano para evitar a disseminação de infecções. Ao detectar 
genes de avirulência (avr) do patógeno, a planta desencadeia uma reação de 
hipersensibidade que causa morte celular programada na região infectada; 
entretanto, após o sequenciamento do genoma de X. fastidiosa, foi verificada a 
ausência de genes avr, concluindo-se que o  SST3 está ausente neste fitopatógeno 
[10,55]. O SST4 caracteriza-se pela relação com o sistema de conjugação 
bacteriana e pela habilidade de translocar DNA e proteínas [56,57]. Um exemplo 
bem caracterizado é a transferência de um segmento de DNA plasmidial por 
Agrobacterium tumefaciens, conhecido por T-DNA, para a planta hospedeira, 
gerando uma modificação oncogênica na planta que passa a nutrir a bactéria. Uma 
grande quantidade de proteínas é requerida neste sistema, tais como as proteínas 
VirB1-12, VirD4, além da pouco conhecida VirJ, a qual supõe-se participar do 
empacotamento de proteínas do periplasma antes de serem secretadas pelo 
sistema VirB/D4 [46,58]. O SST5 é muito difundido entre bactérias gram negativas, 
sendo reponsável por secretar proteínas autotransportadoras além de ser 
dependente do sistema Sec [44].  Proteínas autotransportadoras possuem 
características estruturais que facilitam o seu transporte através do sistema de 
secreção, sendo geralmente relacionadas a funções de virulência e patogenicidade, 
como invasão, adesão, formação do biofilme e toxicidade [59]. O SST6 é o mais 
recente sistema de secreção descrito para bactérias gram negativas. Está 
relacionado com a secreção de toxinas para o meio externo ou diretamente na célula 
do hospedeiro, tanto como mecanismo de patogenicidade, como de competição com 
outras bactérias [60-62].   
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Figura 6. Modelo simplificado dos diferentes sistemas de secreção encontrados em 
bactérias gram negativas. MH: membrana do hospedeiro, ME: membrana externa, 
PP: periplasma, MI: membrana interna, CP: citoplasma. Adaptado de Tseng et al., 
(2009).  
 
 
Adicionalmente, existe um sistema de secreção através de vesículas da 
membrana externa. Vesículas são estruturas de formato esférico, compostas de 
lipídeos, proteínas, lipossacarídeos e outras moléculas oriundas da membrana 
externa, bem como os constituintes do periplasma [63,64] (Figura 7). As vesículas 
são bastante difundidas entre as bactérias gram negativas, cuja diversificada função 
é componente fundamental no processo de infecção ao hospedeiro, uma vez que 
são responsáveis pela distribuição de diferentes fatores de virulência, como toxinas, 
adesinas e enzimas [65-69]. Uma das funções das vesículas estaria relacionada 
como um fator antiadesão, uma vez que foi observada uma diminuição da produção 
de vesículas na presença de DSF, mediador do quorum sensing, na estirpe 
Temecula de X. fastidiosa [70].    
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Figura 7. Vesícula de membrana externa bacteriana. (A) Representação, adaptada 
de Ellis e Kuehn (2010), da formação das vesículas a partir da membrana externa 
bacteriana; (B) Microscopia eletrônica de vesículas sendo secretadas por X. 
fastidiosa (Temecula), (Ionescu et al., 2014); Salmonella ATCC 14028 (McBroom e 
Kuehn, 2007); e de Actinobacillus actinomycetemcomitans (Demuth et al., 2003), 
respectivamente de cima para baixo.    
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3. OBJETIVOS 
 
3.1. Objetivos Gerais 
 
 Realizar a caracterização funcional da proteína VapD  ORF XFb0051 a fim de 
verificar sua participação no processo de patogenicidade de X. fastidiosa.  
 
 Realizar uma análise detalhada do perfil de proteínas secretadas in vitro 
(secretoma) por X. fastidiosa  
 
 
3.2. Objetivos Específicos 
 
VapD 
 Clonar, expressar e purificar a ORF Xfb0051. 
 Analisar a sua estrutura secundária por meio de dicroísmo circular. 
 Avaliar a sua estabilidade térmica através de teste de dicroísmo circular com 
variação térmica.  
 Realizar teste funcional de atividade de RNase. 
 Avaliar a modulação da expressão proteica de VapD por Western blot em 
células de X. fastidiosa estirpe 9a5c e J1a12 (avirulenta).  
 
Secretoma 
 Analisar as proteínas secretadas por X. fastidiosa, estirpes  9a5c e J1a12, 
através de Espectrometria de Massas. 
 Identificar as proteínas secretadas em cinco diferentes estágios de 
desenvolvimento do biofilme: 3, 5, 10, 20 e 30 dias. 
 Identificar as proteínas secretadas na presença de uma dosagem subletal de 
tetraciclina. 
 Identificar as proteínas secretadas em meio suplementado com cálcio. 
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4. RESULTADOS E DISCUSSÃO 
 
Os resultados e discussão serão apresentados sob a forma de manuscritos que 
foram submetidos para publicação em dois diferentes periódicos.   
O primeiro manuscrito descreve o trabalho referente à proteína VapD, que foi 
submetido à PLOS ONE com o título “VapD from Xylella fastidiosa (9a5c) is a 
Thermostable Protein with Ribonuclease Activity”. 
O segundo manuscrito descreve o trabalho referente ao secretoma de 
X.fastidiosa, que foi submetido ao Journal of Proteome Research (JPR) com o título 
“Secretome comparative analysis of Xylella fastidiosa in five stages of biofilm 
formation and in response to calcium and tetracycline treatment”. 
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ABSTRACT  
 
The phytopathogen Xylella fastidiosa causes economic losses in important 
agricultural crops. Xylem vessel occlusion due to biofilm formation is the major 
mechanism of pathogenicity of distinct strains of X. fastidiosa. Here, we provide a 
detailed characterization of the extracellular proteins secreted by the virulent 9a5c 
and non-virulent J1a12 strains of X. fastidiosa in five important steps of the bacterial 
lifestyle, from planktonic to biofilm growth. We also performed a thorough analysis of 
the proteins secreted by X. fastidiosa after treatment with a subinhibitory dosage of 
tetracycline and in media supplemented with calcium. An increase in secreted 
proteins concomitant with biofilm development was observed. However, this increase 
was higher in the virulent strain than the non-virulent strain in all cases. In addition, a 
great decrease in protein secretion and increase in biofilm formation by the virulent 
strain were observed in medium supplemented with calcium. These results were also 
observed for outer membrane vesicle associated proteins. A total of 74 proteins 
involved in different stages of biofilm development of X. fastidiosa, including 
proteases, quorum-sensing and biofilm formation proteins, hypothetical proteins, 
phage-related proteins, chaperones, toxins, antitoxins and membrane components of 
extracellular vesicles, were identified. 
 
 
KEYWORDS: Xylella fastidiosa, secretome, biofilm, calcium, tetracycline, LC-MS/MS 
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INTRODUCTION  
 
Xylella fastidiosa is a Gram-negative xylem-inhabiting bacterium and the 
causal agent of citrus variegated chlorosis (CVC) in citrus plants in Brazil and other 
crop diseases worldwide.1-3 X. fastidiosa is transmitted by sharpshooter leafhoppers, 
and the main pathogenic mechanism is vascular occlusion due to bacterial 
movement and systemic biofilm formation, which causes nutritional deficiencies and 
hydric stress and consequently affects plant growth and development.2,4,5 Biofilm 
formation at the abiotic surface involves different developmental phases, beginning 
with initial, reversible attachment of cells to the surface, followed by irreversible 
attachment due to the increase in extracellular polymeric substances (EPSs), the 
beginning of biofilm maturation, maturation of the biofilm architecture, and cell 
dispersion to the planktonic phase.6-10 The biofilm is formed by a complex and 
intricate architecture that provides protection to a wide range of antagonistic agents 
to bacteria, facilitating pathogen resistance and spread within the host.6,11-13 Many 
virulence factors are required for biofilm growth and are under the control of diffusible 
signal factors (DSFs) in an intercellular communication system known as quorum 
sensing (QS).14-17  
 Among the most important virulence factors in X. fastidiosa are fimbrial and 
non-fimbrial adhesins, toxins and extracellular enzymes.15,18 The adhesins are 
important components for bacterial attachment to surfaces, cell-to-cell aggregation 
and twitching motility.19 The fimbrial adhesins are composed of heteropolymers of 
several subunits that form appendages called pili or attachment pili. In contrast to 
non-fimbrial adhesins, the pili are composed of a single protein, and their expression 
is regulated according to cell density.9,20,21 Toxins play an important role in X. 
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fastidiosa pathogenicity and are involved in diverse cellular processes. The genome 
of the X. fastidiosa strain 9a5c encodes genes of the RTX toxin family. These genes 
encode hemolysin-like proteins that target the plasma membrane of the eukaryotic 
host cells and other toxins such as RelE, which has been implicated in cell 
persistence.18,22-25 In addition, many toxins are co-expressed with a specific antitoxin 
to form a toxin-antitoxin system (TA) that functions in stress response and 
programmed cell death, thus regulating cell growth and death.26-29 
 Once inside the xylem vessel, X. fastidiosa spreads through the channels that 
connect the vessels, called bordered pits.15 These channels allow the passage of 
xylem sap and protect the plant against embolism; however, the pit membrane blocks 
the passage of larger structures, such as bacteria, and thus functions as a 
microfilter.15,30,31 These pit membranes are composed of cellulose, hemicellulose, 
pectin, lignin and proteins.32 Secreted enzymes, such as polygalacturonase, endo-
1,4-beta-glucanase and serine proteases, allow X. fastidiosa to cross these 
membranes and reach adjacent vessels.23,31,33 The secretion mechanism plays an 
important role in the interaction between pathogen and host. In Gram-negative 
bacteria, six general classes of protein secretion systems (types I–VI) and a system 
based on outer membrane vesicles (OMVs) serve as secretory vehicles for proteins 
and lipids.34-36 No components of the type III secretory system have been identified in 
X. fastidiosa;18 in addition, the release of OMVs is inversely proportional to the 
attachment frequency to xylem vessels.37  
In this work, we present a detailed secretome analysis of two strains of the 
phytopathogenic bacteria X. fastidiosa: virulent 9a5c and non-virulent J1a12. We 
have identified the X. fastidiosa extracellular proteins expressed during planktonic to 
biofilm growth of this bacterium in five phases of its development (3, 5, 10, 20 and 30 
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days). We have also analyzed the X. fastidiosa secretome in response to a 
subinhibitory antimicrobial concentration of tetracycline and in response to a 
supplemental concentration of calcium (II) chloride; the latter is considered a 
promoter of biofilm formation.38,39    
  
 
EXPERIMENTAL SECTION  
 
Strains, growth conditions and extraction of the secreted fraction 
 
The X. fastidiosa strains 9a5c (virulent) and J1a12 (avirulent), which were 
isolated from sweet orange trees (Citrus sinensis (L.) Osb.), were received from the 
Centro APTA Citros Sylvio Moreira/IAC, Campinas, Brazil. These were grown in 
periwinkle wilt (PW) medium40 without bovine serum albumin (BSA) for seven days to 
A600 of 0.7. A total volume of 2 mL of each suspension was inoculated into 125-mL 
flasks containing 50 mL of PW medium. The flasks were incubated at 28°C with 
rotary agitation at 120 rpm for 3, 5, 10, 20, and 30 days to analyze the secretome at 
different stages of the bacterial lifecycle from planktonic to biofilm growth (Figure 1). 
The secretome was also assessed throughout 10 days of cultivation on PW medium 
supplemented with 2.5 mmol·dm-3 calcium (II) chloride or with a subinhibitory 
concentration of 100 µg·mL-1 tetracycline added in the last 24 hours of growth. The 
PW medium was centrifuged (10 minutes; 4°C; 16,000 rpm), filtered with a pore size 
of 0.22 µm, and lyophilized. The samples were stored at -20°C until analysis.  
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Figure 1. X. fastidiosa biofilm development stages in vitro. Planktonic cells (PC), 
reversible attachment (I), irreversible attachment (II), development of biofilm 
architecture (III), mature biofilm (IV) and dispersion (V).  
 
 
SDS-PAGE and In-gel trypsin digestion   
 
The lyophilized extracellular extracts (50 mL) were reconstituted in 5.0 mL of 
ultra-pure water. An aliquot containing 5 µg was loaded in triplicate into a 12% SDS-
polyacrylamide gel.41 For profile detection, the samples were loaded, separated 
completely, and visualized by staining with colloidal Coomassie blue (8% ammonium 
sulfate, 0.8% phosphoric acid, 0.08% Coomassie blue G-250 and 20% methanol) 
(Figure 2A). Mass spectrometry was performed with a short run of only 1.5 cm, and 
the entire area (sample) was excised (Figure 2B). Each sample was sliced into 
smaller pieces of approximately 1 mm2, washed three times with a solution 
containing 25 mmol·dm-3 ammonium bicarbonate and 65% acetonitrile at pH 8.0, and 
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destained. The sliced gel pieces were incubated with reducing agent (10 mmol·dm-3 
dithiothreitol and 25 mmol·dm-3 ammonium bicarbonate) at 56°C for one hour, 
alkylated with a solution containing 10 mmol·dm-3 iodoacetamide and 25 mmol·dm-3 
ammonium bicarbonate for 45 minutes at room temperature in the dark, and 
dehydrated with 100% acetonitrile. The samples were digested with 20 ng of trypsin 
(Trypsin Gold, Promega, Madison, WI) for 16 hours at 37°C. The peptides were 
extracted with 50% acetonitrile, dried in a speed vacuum (Concentrator 5301, 
Eppendorf), and stored at -4°C.      
      
 
Figure 2. Schematic representation of the method used to obtain X. fastidiosa 
secreted proteins. (A) Cell growth until the concentration of extracellular proteins. (B) 
1-D SDS-PAGE and mass spectrometry analyses.   
 
 
Isolation of OMVs and protein extraction   
 
A 1-mL aliquot of reconstituted lyophilized extracellular extracts was 
centrifuged at 100,000 x g for 4 hours at 6°C (L8-80M Ultracentrifuge, Beckman). 
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The supernatant was removed, and the pellet was washed with ultra-pure water and 
centrifuged again for 4 hours. The pellet was treated with 1.5 ng·mL-1 lysozyme for 
10 minutes and homogenized in buffer containing 0.1% β-mercaptoethanol, 0.0005% 
bromophenol blue, 10% glycerol, 2% SDS, and 63 mmol·L-1 Tris-HCl at pH 6.8. 
Protein extraction was achieved using three cycles of sonication for five seconds 
(Cole Parmer ultrasonic homogenizer 4710 series). The samples were centrifuged, 
and the supernatants containing OMV proteins were collected. Protein was quantified 
using a Pierce BCA Protein Assay Kit (Rockford, IL, USA).  
  
 
Mass spectrometry   
 
Mass spectrometry analyses were performed on a Q-TOF Micro Mass Spectrometer 
coupled with ultra-performance liquid chromatography (nanoACQUITY UPLC, 
WATERS). The peptides were separated on two C18 reversed phase columns (180 
µm x 20 mm, 5 µm in particle size, and 100 µm x 100 mm, 1.7 µm in particle size, 
respectively) with an acetonitrile gradient (1-85%) at a flow rate of 0.6 µL·min-1 for 50 
minutes. The peptides were ionized under 3000 V, fragmented with 20 V up to 95 V 
according to m/z, the size of the peptides, and charged state from 2+ up to 4+. The 
spectra were analyzed using ProteinLynx Global Server 2.4 software (WATERS). 
The peptides were identified by alignment to the Swiss-Prot data bank. All mass 
spectrometry procedures were performed at the Brazilian Synchrotron Light 
Laboratory (LNLS), Campinas, Brazil.  
Data bank, prediction of sequences, and graphical output  
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The new open reading frame data bank was searched against Laboratório 
Nacional de Computação Científica (LNCC, http://www.xylella.lncc.br/). The old open 
reading frame data bank was searched against the Xylella fastidiosa Genome Project 
(http://aeg.lbi.ic.unicamp.br/xf/). UniProt accession numbers were retrieved from, 
http://www.uniprot.org/; Secreted proteins were predicted using the following servers: 
SignalP 4.1 server, http://www.cbs.dtu.dk/services/SignalP/; Twin-arginine signal 
peptide cleavage sites in bacteria (TatP 1.0 server), 
http://www.cbs.dtu.dk/services/TatP/; SecretomeP 2.0 server, 
http://www.cbs.dtu.dk/services/SecretomeP/output.php. Grouping according to Gene 
Ontology was performed using Web Gene Ontology Annotation Plot (WEGO), 
http://wego.genomics.org.cn/. The intersections of Venn diagrams were calculated 
using a specific tool at the Bioinformatics & Evolutionary Genomics server, 
http://bioinformatics.psb.ugent.be/webtools/Venn/.     
 
 
RESULTS AND DISCUSSION  
 
The secretome of X. fastidiosa  
  
This work describes a detailed analysis of the proteins secreted by X. 
fastidiosa in five stages of biofilm development from planktonic to mature biofilm and 
dispersion (Figure 1). In this analysis, we used two strains, the 9a5c virulent strain, 
which is the causal agent of citrus variegated chlorosis (CVC) in citrus trees in Brazil, 
and the non-virulent J1a12 strain as a control that is unable to form a thick biofilm 
and induce CVC symptoms when inoculated in citrus plants.42,43 A previous analysis 
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of X. fastidiosa proteome revealed differences between the planktonic and biofilm 
expression profiles of proteins related to metabolism, motility, attachment and stress 
conditions44 and the presence of 30 extracellular proteins related to survival and 
pathogenesis after growth in solid medium for 21 days.23  
In the present study, X. fastidiosa was grown in PW medium40 to maximize the 
characterization and identification of total extracellular proteins, both secreted and in 
outer membrane vesicles, by LC-MS/MS (Figure 2). The profile of secreted proteins 
was visualized by SDS-PAGE (Figure 3). We identified 50 proteins from strain 9a5c 
and 48 proteins from strain J1a12; in total, 74 non-redundant proteins were identified, 
of which 24 were identified in both strains (Figure 4). 
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Figure 3. SDS-PAGE of total secreted proteins from strains 9a5c (A), and J1a12 (B) 
and the OMV fraction from strains 9a5c (C), and J1a12 (D). Lanes M, molecular 
weight maker (kDa); 3 to 30, days of growth; Ca, 2.5 mmol·dm-3 calcium (II) chloride; 
Ttc, 100 µg·mL-1 tetracycline. 
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Figure 4. Proteins secreted by strains 9a5c and J1a12 and identified by MS. (A) 
Distributions of the proteins at different days of growth (three days to 30 days), and 
the distribution of the total proteins between both strains, respectively. (B) Total 
proteins secreted at different days of growth and upon supplementation with 2.5 
mmol·dm-3 calcium (II) chloride (Ca) or 100 µg·mL-1 tetracycline (Ttc), and their 
respective controls (Ctrl).  
 
The profile of the secreted proteins of the 9a5c virulent strain revealed a 
distinct distribution during the biofilm formation stages (Figure 4B). In the attachment 
stages at three and five days, we identified 11 and 12 proteins, respectively, overall 
classified as outer membrane proteins, a serine protease and a fimbrial adhesin. On 
the tenth day, under the regulation of QS,14 the number of secreted proteins 
increased to 25, indicating the presence of different enzymes and an increase in 
hypothetical proteins. In the stage of maturation of biofilm after 20 days of growth, we 
identified 33 proteins, the highest number of proteins identified among the different 
stages of biofilm formation, with a great diversity of proteins. Similarly, on the 30th 
day, which corresponds to the dispersion stage, 32 proteins were identified. In 
addition, eight proteins were observed in all stages of biofilm formation (XF1284, 
XF0272, XF0063, XF1585, XF0282, XF1314, XF0737, XF0844), including a serine 
protease, the fimbrial adhesin FimX, PorinF and a peptidoglycan-associated outer 
membrane lipoprotein precursor. The highest number of exclusive proteins was 
observed on the 30th day, followed by the 20th and 10th days, and no exclusive 
proteins were detected on the 3rd and 5th days of growth. The secreted protein profile 
of the avirulent J1a12 strain also revealed a distinct distribution during the stages of 
development (Figure 4B). On days three and five of growth, we identified 12 and 15 
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proteins, respectively, classified as outer membrane proteins and fimbrial adhesins. 
On the tenth day of growth, we identified 27 proteins, most notably membrane 
proteins and many hypothetical proteins. However, the inability to form a thick and 
functional biofilm seems to be correlated with the maintenance of protein levels in 
subsequent stages of growth. On days 20 and 30, which correspond to the mature 
biofilm and dispersion stages, 25 and 28 proteins were identified, respectively. Fewer 
enzymes (10) were expressed in these stages by the avirulent strain compared to 
9a5c, for which 17 enzymes were detected. Moreover, 10 of the 15 hypothetical 
proteins were identified in J1a12, and eight of these were exclusive to this strain.    
 Many secreted proteins are indispensable for pathogenicity, and bacteria in 
biofilms and planktonic bacteria are physiologically different.45,46 Our results reveal 
the intrinsic characteristics of X. fastidiosa 9a5c due to the participation of biofilm in 
the virulence process, as we observed a greater quantity of secreted proteins in the 
mature biofilm (20 days), probably due to the use of virulence factors mediated by 
QS to resist plant defenses, establish within the host and spread.     
     
Hypothetical, membrane and phage-related proteins  
 
All identified proteins are compiled in Figure 5 and presented as the proteins 
identified in each stage of biofilm development (days), during calcium treatment, and 
during tetracycline treatment. The results of the protein annotation and prediction 
analyses are presented in Table 1. Within the combined 9a5c and J1a12 secretome, 
we identified 19 proteins previously classified as hypothetical, with five found 
exclusively in 9a5c, nine found exclusively in J1a12, and five found in both strains. 
These results emphasize the need to characterize the function of these new proteins 
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according to their importance in the pathosystem. The identified proteins with known 
function were grouped according to their Gene Ontology as cellular components, 
molecular function and proteins involved in biological process (Figure 6).  
The secreted proteins were related to a wide range of biological functions. We 
identified a group of membrane proteins related to outer membrane vesicles in 
different bacterial species, such as OmpF, OmpA and OmpW;47 TolB and Pal 
protein;48 peptidoglycan-associated outer membrane lipoprotein;49 FadL family50 and 
TonB-dependent receptor.51 OMVs are spherical membrane bilayers composed of 
lipids, proteins, lipopolysaccharides and other molecules that are derived from the 
outer membrane of the bacterium and thus incorporate many of the surface 
elements.52-54 These structures function in the delivery of a variety of molecules with 
distinct functions, including in bacterial survival, virulence and pathogenicity.55 
Studies have demonstrated an increase in OMVs after a loss of the activity of the 
peptidoglycan-associated outer membrane proteins OmpA, TolB and Pal in 
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Escherichia coli and Vibrio cholerae.48,56,
 
 
Figure 5. Map of secreted proteins identified on different days of biofilm growth or 
supplementation with (Ca) 2.5 mmol·dm-3 calcium (II) chloride or (Ttc) 100 µg·mL-1 
tetracycline from strains 9a5c and J1a12. The proteins are represented by their 
respective N-ORF and *O-ORF (see Table 1).  
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Figure 6. Grouping of identified secreted proteins according to Gene Ontology 
cellular component, molecular function and biological process.  
 
 Bacteria are constantly targeted by bacteriophage in diverse environments. In 
response, bacteria have developed several defense mechanisms, such as the 
sophisticated CRISPR/Cas system-associated proteins, an immune system 
composed of DNA loci that confers resistance to foreign genetic elements.58,59 Phage 
attacks are also rapidly overcome by inducing OMVs and removing the phage before 
DNA is injected.60 In this work, we identified four phage-related proteins (XF1314, 
XF1433, XF1379, XF2169), probably due to OMVs in the extracellular media.  
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 We also identified three proteins related to adhesion in the 9a5c strain: fimbrial 
FimX (XF0063) and PilA2 (XF2216), which are both components of type IV pilus 
biogenesis, and non-fimbrial XadA (XF1707), and XadA1 (XF1257) present in J1a12. 
Adhesins are frequently identified in bacterial secretome studies.23,61,62 Although 
adhesins are often found at the surface of the cell membranes, XadA1 has been 
observed in OMVs of X. fastidiosa strain Temecula.37   
 
 
Enzymes  
  
 Enzymes are one of the most prevalent classes of secreted proteins in 
pathogenic bacteria, principally due to their function in virulence. In this study, we 
identified a total of 23 enzymes with distinct functions: 16 from strain 9a5c and 10 
from strain J1a12, of which 13 are exclusively found in the 9a5c virulent strain and 7 
are found in the J1a12 non-virulent strain (Figure 5). Three serine proteases, 
XF1585, XF0844 and XF0216 in 9a5c and XF0216 in J1a12, related to cell wall 
degradation, a necessary function for the disruption of pit membranes in the xylem 
vessels of citrus plants by X. fastidiosa,23,33 were identified. Furthermore, only the 
9a5c strain exhibited metallo-β-lactamase (XF1974) expression, on the 20th and 30th 
days of growth. Metallo-β-lactamase is widely distributed in Gram-negative bacteria 
and is responsible for resistance to β-lactam antibiotics.63-65 Metallo-β-lactamase is 
secreted into the bacterial periplasm or into OMVs, enabling extra-cellular β-lactam 
degradation.66-68 
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Calcium  
  
 Calcium supplementation altered the behavior of the X. fastidiosa 9a5c 
secretion system. In addition to an increase in biofilm thickness (data not shown), 
eight proteins were identified, including four adhesins (XF0063, XF2216, XF1707, 
XF1257) and one hydrolase, exoglucanase A (XF1049) (Figures 4 and 5). 
Interestingly, this hydrolase was not observed in the development stages of biofilm 
formation. However, under normal conditions (control), 25 proteins were identified, 
including serine proteases (XF1585 and XF0844), an amidohydrolase (XF2144) and 
an enolase (XF1064). The decrease in secreted proteins in 9a5c strain was also 
apparent in the SDS-PAGE analysis of the total secretome and proteins located in 
the lumen of OMVs (Figures 3A and 3C). In both analyses, differences were 
observed between the treatments. The J1a12 non-virulent strain also exhibited a 
decrease in secreted proteins from 27 to 18 when cultured in medium supplemented 
with calcium compared to the control. Although present in the control and after 
calcium treatment, VirK (XF1672) was not identified in J1a12 in the other stages of 
biofilm formation. This protein is involved in the secretion of toxin69 and attenuation of 
periplasmic stress, thus reducing the production of OMVs.70  
Calcium increases surface attachment, biofilm formation, and twitching motility 
in X. fastidiosa under in vitro conditions.38,39 Although biofilm formation is an 
important aspect of the pathogenicity of X. fastidiosa, the increase in biofilm 
formation induced by calcium supplementation appears to block the secretion of 
virulence proteins. This behavior was also observed in Yersinia pestis grown in vitro 
in the presence of external calcium.71,72 In addition, an increase in calcium 
concentrations was observed in Nicotiana tabacum leaf after inoculation with X. 
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fastidiosa.73 The calcium influx observed in the X. fastidiosa-plant interaction is 
common to other plants as well. Histological studies of Citrus sinensis and Coffea 
arabica infected with X. fastidiosa revealed the accumulation of calcium oxalate 
crystals in occluded vessels.74,75 Calcium oxalate crystals are insoluble structures 
formed from free calcium (II) and endogenous oxalic acid that are present in many 
plants. These structures have many functions, including the regulation of excess 
calcium.76   
 
  
Tetracycline   
   
Biofilm formation is an important aspect of the resistance of bacterial 
pathogens to antimicrobial compounds.12 In response to subinhibitory concentrations 
of tetracycline, X. fastidiosa forms persister cells and induces the production of a 
toxin-antitoxin system.29 In this study, the maintenance of the non-fimbrial adhesins 
FimX (XF0063) and PilA2 (XF2216) and the absence of the fimbrial adhesins XadA 
(XF1707 and XF1257) were observed in strain 9a5c compared to the control. 
Similarly, the J1a12 strain maintained XadA1 (XF1707) as a unique adhesin 
compared to the control after the addition of tetracycline. However, in contrast to the 
control, we identified one FKBP-type peptidyl-prolyl cis-trans isomerase (PPIase) 
(XF1340) in both strains. PPIases are involved in many biological processes, such as 
protein secretion, tissue regeneration, and protein folding, and are also virulence-
associated proteins.77,78 In Helicobacter pylori, for example, the HP0175 protein is a 
secreted PPIase capable of inducing apoptosis.79 Metallo-β-lactamase (XF1974), the 
enzyme responsible for the inactivation of β-lactam antibiotics, was identified from 
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the 20th day of biofilm development and tetracycline treatment only in strain 9a5c. 
Exoglucanase A (XF1049) was also identified only after tetracycline and calcium 
treatment in strain 9a5c.         
         
 
Other protein categories   
 
We identified two chaperonins, the 70-kDa DnaK (XF2024) and 60-kDa GroEL 
(XF0494). DnaK was identified in the 9a5c strain on the 20th and 30th days and in the 
J1a12 strain in the calcium and tetracycline treatments.  By contrast, GroEL was well 
distributed throughout the stages of biofilm formation in both strains upon tetracycline 
treatment and only in the J1a12 strain upon calcium treatment. The antitoxin HTH-
type transcriptional regulator (XF2163) was identified at 10, 20 and 30 days of biofilm 
growth in the 9a5c strain and during calcium treatment. This antitoxin is a member of 
a type II toxin-antitoxin system with the toxin XF2162. Both XF2163 and XF2162 are 
proteins, but the function of this toxin-antitoxin system is unknown. The toxin-
antitoxin system is related to the production of persister cells, biofilm formation and 
response to stress.29,80 Autotransporter beta-domain protein (XF2023) was identified 
in 9a5c and is a membrane beta-barrel domain that transports the protein to the 
extracellular media by a type V secretion system.81 
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Table 1. Total proteins secreted by X. fastidiosa in vitro  
Protein KDa N-ORF1 O-ORF2 UniProt3 SignalP4 TatP5 SecP6 
Peptidoglycan-associated outer 
membrane lipoprotein 
15.7 XF1284 XF1547 P10325 No No 0.826 
Outer membrane porin F (OmpA family protein) 40.1 XF0272 XF0343 P13794 Yes No 0.937 
FimX, Fimbrial adhesin protein 19.2 XF0063 XF0083 P11312 Yes No 0.950 
Putative lipoprotein / Ompa family protein 25.8 XF0282 XF0363 P37665 Yes Yes 0.365 
Porin O (POP)  43.7 XF0803 XF0975 P33976 No No 0.717 
Outer membrane lipoprotein Slp family 19.4 XF1547 XF1811 P76255 Yes No 0.901 
Outer membrane protein Tolc 49.5 XF2255 XF2586 P02930 Yes No 0.450 
Pal protein (Peptidoglycan-associated 
lipoprotein) 
15.8 XF1624 XF1896 P07176 No No 0.874 
TolB protein 47.6 XF1625 XF1897 Q9PC84 Yes No 0.809 
Outer membrane protein W (OmpW) 19.9 XF0713 XF0872 P21364 No No 0.888 
Outer membrane autotransporter 
beta-domain protein 
56.7 XF1047 XF1264 Q01443 No No 0.939 
Porin O (POP)  45.0 XF0260 XF0321 P32977 Yes No 0.487 
Virulence protein (Virj family protein) 49.0 XF2329 XF2679 ─ Yes No 0.171 
Outer membrane protein fadl family 48.5 XF0863 XF1053 P80603 No No 0.831 
TonB-dependent receptor 103.0 XF1940 XF2237 P06129 Yes No 0.929 
TonB-dependent receptor 96.3 XF2357 XF2713 P27772 Yes No 0.947 
TonB-dependent receptor 113.9 XF0443 XF0550 P06129 Yes No 0.914 
TonB-dependent receptor 97.9 XF0270 XF0339 P06129 Yes No 0.935 
Phage-related protein ; xfp3 36.5 XF1314 XF1577 ─ No No 0.538 
Phage-related protein 41.8 XF1433 XF1704 ─ No No 0.098 
Phage-related protein; xfp4 30.4 XF1379 XF1649 P76513 No No 0.065 
Phage-related major capsid protein; xfp2 67.7 XF2169 XF0714 ─ No No 0.629 
Hypothetical protein 13.0 XF0737 XF0898 ─ No No 0.755 
Conserved hypothetical protein 58.2 XF1144 XF1384 ─ No No 0.776 
Hypothetical protein 7.0 ─ XF0899 ─ No No 0.961 
Hypothetical protein 32.4 XF0455 XF0565 P32793 Yes No 0.494 
Hypothetical protein 9.2 XF1009 XF1217 ─ No No 0.072 
Hypothetical protein 21.2 XF1538 XF1803 ─ Yes No 0.856 
Conserved hypothetical protein 79.4 XF1615 XF1887 ─ Yes No 0.776 
Conserved hypothetical protein 18.4 XF1669 XF1941 ─ Yes No 0.839 
Conserved hypothetical protein; xfp6 37.6 XF0426 XF0531 ─ No No 0.897 
Hypothetical protein 9.9 XF2080 XF2408 ─ No No 0.056 
Conserved hypothetical protein 46.4 XF1868 XF2151 ─ No No 0.939 
Conserved hypothetical protein 34.1 XF1183 XF1434 ─ Yes No 0.932 
Conserved hypothetical protein 11.6 XF1697 XF1971 ─ No No 0.242 
Hypothetical protein 5.6 ─ XF1631 ─ No No 0.052 
Hypothetical protein 13.7 XF1798 XF2078 ─ No No 0.943 
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Table 1. continued 
Protein KDa N-ORF1 O-ORF2 UniProt3 SignalP4 TatP5 SecP6 
Pila2 Tfp pilus assembly protein, 15.4 XF2216 XF2539 P17837 No No 0.937 
Surface protein adhesin yada-like XadA-like protein) 118.5 XF1707 XF1981 P12021 No No 0.947 
Surface protein adhesin yada-like  XadA1 98.3 XF1257 XF1516 P05790 No No 0.962 
Extracellular serine protease 105.4 XF1585 XF1851 P09489 No Yes 0.952 
Extracellular serine protease 95.2 XF0844 XF1026 P09489 No No 0.868 
Extracellular serine protease 95.8 XF0216 XF0267 P09489 No No 0.948 
Enolase (2-phosphoglycerate dehydratase) 45.8 XF1064 XF1291 Q9PDT8 No No 0.070 
Peptidase S9 family protein 98.7 XF2225 XF2551 P39839 No No 0.841 
Zinc metalloprotease (peptidase family M16 protein) 105.0 XF0669 XF0816 P55679 Yes No 0.439 
Metallo-beta-lactamase family protein 34.3 XF1974 XF2283 ─ Yes No 0.224 
Exoglucanase A (1,4-beta- cellobiohydrolase A) 70.9 XF1049 XF1267 P50401 No No 0.836 
Lipase/esterase 64.3 XF0643 XF0781 P40604 Yes Yes 0.953 
Autolytic lysozyme 23.4 XF2065 XF2392 P26836 No No 0.432 
Aminopeptidase (peptidase M28 family protein) 57.7 XF0671 XF0820 O54697 No No 0.529 
Endo-1,4-beta-glucanase (cellulase) 60.0 XF0670 XF0818 P19487 Yes No 0.919 
Phosphohexose mutases 49.4 XF0212 XF0260 P29955 No No 0.070 
Organic hydroperoxide resistance protein 14.9 XF1562 XF1827 O68390 No No 0.196 
Dihydrolipoyl dehydrogenase 50.7 XF1285 XF1548 P14218 No No 0.065 
Adenylosuccinate lyase (ASL) 50.6 XF1289 XF1553 P44797 No No 0.076 
Amidohydrolase family protein 47.3 XF2144 XF2472 O66851 No No 0.069 
Succinyl-coa synthetase, alpha subunit 29.6 XF2222 XF2548 P07459 No No 0.647 
Succinyl-coa synthetase, beta subunit 41.0 XF2221 XF2547 Q9PAH1 No No 0.100 
Short chain dehydrogenase ; gicvc 26.0 XF1455 XF1726 Q9LBG2 No Yes 0.129 
Phosphoserine aminotransferase (PSAT) 39.6 XF2012 XF2326 Q9PB19 No No 0.163 
Acetylornithine aminotransferase (ACOAT) 43.7 XF1180 XF1427 Q9PDF2 No No 0.097 
Endoribonuclease L-PSP family protein 13.6 XF0275 XF0353 P40431 No No 0.694 
Xanthomonadales conserved hypothetical 17.9 XF0796 XF0964 ─ No No 0.359 
Xanthomonadales conserved hypothetical 42.3 XF0278 XF0357 ─ No No 0.898 
Xanthomonadales conserved hypothetical 51.7 XF0106 XF0138 Q9PH08 No No 0.095 
Xanthomonadales conserved hypothetical 42.6 XF0279 XF0358 ─ No No 0.898 
Antitoxin (HTH-type transcriptional regulator) 15.0 XF2163 XF2491 Q46864 No No 0.149 
60kda chaperonin 57.8 XF0494 XF0615 Q9PFP2 No No 0.077 
Chaperone protein dnaK (heat shock protein 70) 68.5 XF2024 XF2340 Q9PB05 No No 0.396 
FKBP-type peptidyl-prolyl cis-trans isomerase 
(ppiase) 
34.0 XF1340 XF1605 P51752 Yes No 0.848 
Virk protein 16.1 XF1672 XF1945 Q44433 Yes No 0.898 
Elongation factor Tu 42.9 XF2288 XF2628 Q9P9Q9 No No 0.049 
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1New open reading frame; 2Old open reading frame; 3Uniprot accession number; 
4Secretion prediction according to Signal P; 5Secretion prediction according to Twin-
arginine signal peptide cleavage sites in bacteria; 6Secretion prediction according to 
SecretomeP. The number corresponds to the signal peptide probability (Score ≥0.5); 
The symbol (─) indicates no correspondence with sequences in the new or old ORF 
data banks.  
    
 
 
CONCLUSIONS  
 
Virulence and pathogenicity depend on a plethora of bacterial-host interactions and 
involve different gene products. Here, we performed a detailed and comparative 
secretome analysis of virulent 9a5c and avirulent J1a12 strains of X. fastidiosa grown 
on PW culture media at different stages of biofilm formation. We obtained a collection 
of data on extracellular behavior that may be relevant to the host-pathogen 
interaction. Our results highlight the expression by the virulent strain of different 
enzymes related to cell wall degradation and membrane proteins, both possibly used 
in biofilm growth and maintenance and to spread in a xylem vessel. Moreover, the 
large number of proteins identified that were previously classified as hypothetical 
demonstrates the necessity of a functional study of these proteins to better 
understand the mechanism of pathogenicity of X. fastidiosa. In addition, we 
demonstrated that supplementation with calcium induced a drastic reduction of 
protein secretion and an increase in biofilm formation. Although expansion to in vivo 
studies of the secretome of the X. fastidiosa-plant host interaction is necessary, we 
believe this work provides insights into this interaction that will support new 
approaches in X. fastidiosa research.      
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OMVs, outer membrane vesicles; LC−MS/MS, liquid chromatography mass 
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Abstract 
 
 Xylella fastidiosa strain 9a5c is a gram-negative phytopathogen that is the 
causal agent of citrus variegated chlorosis (CVC), a disease that is responsible for 
economic losses in Brazilian agriculture. The most well-known mechanism of 
pathogenicity for this bacterial pathogen is xylem vessel occlusion, which results from 
bacterial movement and the formation of biofilms. The molecular mechanisms 
underlying the virulence caused by biofilm formation are unknown. Here, we provide 
evidence showing that virulence-associated protein D in X. fastidiosa (Xf-VapD) is a 
thermostable protein with ribonuclease activity. Moreover, protein expression 
analyses in two X. fastidiosa strains, including virulent (Xf9a5c) and nonpathogenic 
(XfJ1a12) strains, showed that Xf-VapD was expressed during all phases of 
development in both strains and that increased expression was observed in Xf9a5c 
during biofilm growth. This study is an important step toward characterizing and 
improving our understanding of the biological significance of Xf-VapD and its 
potential functions in the CVC pathosystem. 
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Introduction 
 
Xylella fastidiosa is a gram-negative, xylem-inhabiting bacterium that is a 
causal agent in important global diseases in agricultural crops, such as plum, 
almond, peach, coffee, and grapevine [1]. X. fastidiosa causes citrus variegated 
chlorosis disease (CVC) in the orange trees of Brazil, which dramatically reduces fruit 
production [2,3]. X. fastidiosa is transmitted by sharpshooter leafhoppers, and once 
the pathogen enters the xylem, it spreads through channels called bordered pits that 
connect vessels [4]. The main pathogenic mechanism of X. fastidiosa occurs when 
the organism blocks water transport through vessels by forming systemic biofilms. A 
biofilm is a matrix that is composed of factors including extracellular polymeric 
substance (EPS), proteins, and nucleic acids [5]. This architecture increases the 
resistance of the biofilm cells to a wide range of antagonistic agents, such as UV 
radiation, shifts in pH, osmotic shock, desiccation, antimicrobial compounds, and 
host defense mechanisms [6]. During the biofilm phase, diffusible signal factors are 
used in an intercellular communication system called quorum sensing (QS) that, 
among other functions, controls the expression of virulence factors [7-10]. Biofilm 
formation occurs through a dynamic and complex mechanism of development in 
which protein expression can change after only one day of growth [11]. In X. 
fastidiosa, biofilm formation on an abiotic surface involves the following five 
developmental steps: (1) reversible attachment; (2) irreversible attachment; (3) the 
beginning of maturation, which includes approximately 10 days of growth and the 
initiation of QS; (4) mature biofilm establishment, which occurs between days 15 and 
20; and (5) dispersion, which occurs between days 25 and 30 [12].  
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Because the Xf9a5c genome has been sequenced [13], many studies have 
analyzed the open-reading frames (ORFs) in its genome to predict genes that may 
participate in its pathogenicity and in biofilm formation [14-18]. However, some 
predicted virulence factors remain unstudied. One predicted virulence factor of 
interest was found in the plasmid pXF51; in this plasmid, the ORF XFb0051 encodes 
the 17.6 kDa virulence-associated protein D (Xf-VapD), which contains a 
predominance of α-helices in its secondary structure [19]. Xf-VapD is predicted to 
belong to the CRISPR/Cas2 family (Pfam: PF09827). CRISPRs (clustered regularly 
interspaced short palindromic repeats) are DNA loci that, when associated with Cas 
proteins, confer resistance to foreign genetic elements, such as plasmids and phages 
[20]. Cas2 in Legionella pneumophila, a gram-negative aquatic bacterium, has been 
shown to be an important component during infection of amoebal host cells [21]. In 
addition, several bacterial species also produce the VapD protein. In Haemophilus 
influenzae, the VapXD toxin-antitoxin locus enhanced survival and virulence via a 
mechanism involving mRNA cleavage during in vitro and in vivo infection tests [22]. 
In Helicobacter pylori, VapD has been shown to display ribonuclease activity [23], 
and in Rhodococcus equi, it has a β-barrel structure, but its function is unknown [24]. 
In this study, we performed tests to structurally and functionally characterize 
Xf-VapD, and we analyzed its expression levels in two strains: 9a5c (virulent) and 
J1a12 (nonpathogenic). In addition, we demonstrated that Xf-VapD is a thermostable 
protein with ribonuclease activity. The expression of Xf-VapD was observed in both 
the Xf9a5c and the XfJ1a12 strain, but a higher level of expression was observed in 
Xf9a5c during biofilm growth. 
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Materials and Methods 
 
Cloning, expression, and purification  
The ORF XFb0051 of X. fastidiosa (database http://www.xylella.lncc.br/) was 
amplified using PCR of total DNA (genomic + plasmid) isolated from X. fastidiosa 
strain 9a5c, which was used as the template. To modify the original amino acid 
sequence, we removed the first two residues from its N-terminus and the last 10 
residues from its C-terminus. This procedure was necessary because the complete 
sequence caused instability in crystallographic assays aimed at determining the 3D 
structure of Xf-VapD (research in progress). Therefore, all experimental procedures 
were performed using this modified amino acid sequence. The amino acids that were 
removed did not contain any functional sites. Specific forward (5’-     
GGTATTGAGGGTCGCGATCGCTGCCTAATCGTTT-3’) and reverse (5’-
AGTTAGAGCCTCACGCATTTTCTAGAGAGAACTTCT-3’) primers were designed. 
The PCR product obtained using these primers was cloned into the pET32Xa/LIC 
vector (Novagen; USA) and used to transform the E. coli strains DH5-α and BL21 
(DE3) (Novagen; USA) to induce heterologous protein expression. Xf-VapD protein 
expression and purification were performed according to the methods described in 
[19] and by using an FPLC ÄKTApurifier GE® for the chromatography steps. The 
purified protein was analyzed using 12.5% SDS-PAGE [25].     
 
 CD spectroscopy and CD thermal denaturation 
The purified Xf-VapD protein (2.0 µM) was dialyzed against 20 mM Tris-HCl 
and 10 mM NaCl, pH 7.5, and evaluated using a JASCO J-810 circular dichroism 
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(CD) spectropolarimeter (Japan Spectroscopic; Tokyo, Japan) that was coupled to a 
temperature controller. The sample was contained in a 0.1 cm quartz cuvette. The 
CD spectra were recorded in a measurement range of 200 nm–260 nm at 25 °C. The 
results were analyzed using the DichroWeb server [26]. For the denaturation assays, 
Xf-VapD CD was measured at intervals from 20 °C–110 °C. After a final 
measurement at 110 °C, the sample was cooled back down to 20 °C. The sample 
was then contained in a 1 cm quartz cuvette.   
  
RNase activity assay 
Xf-VapD recombinant purified protein (1.0 mg/mL) that was suspended in a 
buffer containing 50 mM Tris and 300 mM NaCl at pH 7.5 was incubated with a 
modified RNA oligonucleotide that emits a green fluorescence when cleaved by 
RNase (RNaseAlert® QC System) at 37 °C for 180 minutes. In this assay, we used 
two temperatures, 37 °C and 90 °C, for the Xf-VapD activity studies. The first 
temperature was the same as the temperature that was used for the recombinant 
expression of Xf-VapD, and the second temperature was used to test the enzyme’s 
activity at a high temperature. For the 90 °C tests, the protein was denatured for 30 
minutes at 90 °C and then centrifuged (16,110 x g, 25 °C, 3 minutes). The 
supernatant fraction was incubated at 37 °C with the modified RNA oligonucleotide 
for 180 minutes. A positive control (RNase A) and negative controls (Xf-VapD 
purification buffer and nuclease-free water) were used in the assay. The 
measurements were performed in duplicate for each experimental sample using a 
fluorometer with excitation and emission wavelengths of 490 nm and 520 nm, 
respectively.  
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In addition, Xf-VapD RNase activity was visualized using 1% agarose gels. For 
these experiments, total RNA was obtained from the E. coli strain BL21(DE3) using 
TRI Reagent® solution (Thermo Fisher Scientific, USA) and purified using an 
RNeasy® Mini Kit (Qiagen, GER). Aliquots containing 1.0 µg of total RNA were 
incubated for 1 h at 25 °C with 1 µM, 5 µM, 10 µM and 20 µM of Xf-VapD. In addition, 
a DNase activity test was performed. For these experiments, long and a short 
double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) were used. A long 
dsDNA (2 kb) template corresponding to multicopper oxidase was obtained using 
metagenomic prospection in Caatinga soil and prepared using PCR with specific 
primer pairs (Fwd, [5’-ACTGCATATGTTCGTTCAGCC-3’] and Rev, [5’-
TTCGAGCTCGAGGAGCTACC-3’]). A short dsDNA (20 bp) [5’-
AGGCAGGACTATGGAGGCGA-3’] and a ssDNA (26 nt) [5’-
CCACATATGACAAACCTATTACAAGT-3’] were commercially synthesized. Aliquots 
containing 2 µg of dsDNA or ssDNA were incubated for 1 h at 25 °C with 20 µM or 50 
µM of Xf-VapD. The dsDNA (2 kb) was visualized using a 1% agarose gel, while the 
dsDNA (20 bp) and the ssDNA (26 nt) were visualized using 20% acrylamide gels. 
 
 
Expression profiles of Xf-VapD in different phases of 
biofilm formation 
The expression level of Xf-VapD in biofilm and planktonic X. fastidiosa cells 
was determined using western blot analysis with a specific anti-rabbit IgG polyclonal 
antibody against Xf-VapD that was synthesized by Rhea Biotech, Brazil. Xf9a5c and 
XfJ1a12 cells were grown in periwinkle wilt (PW) medium [27] for seven days until 
they reached A600 = 0.7. A total volume of 2 mL of each suspension was then 
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inoculated into a 125-mL flask containing 50 mL of PW medium. The flasks were 
maintained at 28 °C with rotary agitation (120 rpm) for three, five, 10, 20, 30 days. An 
analysis of the XfJ1a12 biofilm cells was not performed because this strain forms a 
very thin biofilm in vitro. The extraction of total protein from Xf9a5c cells (biofilm and 
planktonic) and XfJ1a12 cells (only planktonic) was performed according to the 
protocol described in [12]. The total protein was quantified using the Bradford method 
and normalized to equal concentrations. A total of 5.0 µg of protein was separated 
using 12.5% SDS-PAGE. The acrylamide gel was then transferred to a nitrocellulose 
membrane using a Semi-Dry Transfer Cell (BioRad, CA, USA). The membrane was 
blocked in a 1% casein solution and incubated first with a specific antibody against 
Xf-VapD (dilution 1:1,000) and then with a secondary antibody, anti-rabbit IgG 
conjugated to alkaline phosphatase enzyme (dilution 1:8,000). BCIP/NBT Color 
Development Substrate (Promega) was used to detect alkaline phosphatase activity 
and visualize the bands. The bands were quantified using ImageJ software, and the 
statistical significance of the results was analyzed using two-tailed Student’s t-tests 
(p<0.05 was defined as indicating statistical significance). The experiments were 
performed in triplicate.   
  
Alignment, phylogenetic analysis, and protein model 
prediction 
The VapD amino acid sequences were used to search the NCBI data bank. To 
analyze their alignment, the sequences were separated according to their percentage 
of identity to Xf-VapD (accession number Uniprot/NCBI: Q9PHF6/AE003851_51). 
Group 1 shared identity with Xf-VapD was above 50%, group 2 was from 49 to 25%, 
and group 3 was below 25%. VapD sequences were obtained for the following 
76 
 
species: X. fastidiosa strain Ann-1 (A0A060H4 L5/AIC11724.1), Gallibacterium anatis 
(A0A0A2YXK7/WP_018347295), Aggregatibacter actinomycetemcomitans (G4A5B7/ 
EGY35307), Neisseria meningitides (L5UTE0/WP_002251489); Escherichia coli 
(C6CFU7/WP_001402204), Xanthomonas campestris (G2 LRG4/ WP_039405661), 
Haemophilus influenzae (A4NV08/WP_013526240), Helicobacter pylori 
(A0A0B5FMI2/ 3UI3_B), and Rhodococcus equi (B4F3C5/4CSB). For the 
phylogenetic analysis, the VapD sequences were aligned using TranslatorX software 
[28] with the Muscle Algorithm. All sequences were translated into amino acids, 
which were then aligned and further back-translated into nucleotide sequences. Both 
the amino acid and nucleotide alignments were used to infer phylogenetic 
relationships between all of the identified VapD proteins. A neighbor-joining 
phylogenetic tree was constructed using MEGA 5.2 [29] and inferred using 
uncorrected p-distances and the partial deletion of sites (50%). Branch supports were 
accessed through 1,000 bootstrap replicates. Bayesian inference analyses were 
performed using MrBayes v3.1.2 [30]. The modeling of nucleotides (+I+G) and amino 
acids (GTR+G) was performed using MrAIC [31] and ProtTest [32], respectively. 
Rhodococcus equi was used as the outgroup for the phylogenetic tree. The final 
protein model was obtained using the protein homology/analogy recognition engine 
server Phyre V 2.0 and the I-TASSER server [33,34]. 
 
Ethics statement 
We confirm that no specific permits were required for the described field 
studies. Sample collection was carried out at two research institutions (the University 
of Campinas-UNICAMP and the Citriculture Center in Cordeirópolis, São Paulo, 
Brazil). The bacteria were grown in a laboratory that was certified biosafety level 1. In 
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addition, we confirm that this manuscript is the result of a basic research project that 
was developed mainly at the university and that was funded primarily by public 
funding agencies with the aim of developing new knowledge. The generated results 
should therefore be shared with the scientific and technological community through 
Open University theses and manuscripts that are published in conventional scientific 
journals. In this sense, we would like to state that we fully adhere to all of the PLOS 
ONE policies regarding the sharing of data and materials. We confirm that this study 
did not involve endangered or protected species. 
 
Results 
 
Alignment and phylogenetic analysis 
The Xf-VapD amino acid sequence showed high identity to the VapD 
sequences of several different bacterial species (Fig. 1). The VapD sequences 
analyzed in groups 1, 2 and 3 (except those of R. equi) were found to be related to 
the Cas2 family of CRISPR/Cas system-associated proteins. Using the PSIPRED 
secondary structure prediction method v3.3 [35], we found that the amino acids have 
a secondary structure that is mainly composed of α-helices with a small proportion of 
β-sheets. In group 3, the VapD sequences from H. pylori and R. equi exhibited low 
identity with Xf-VapD (18% and 12%, respectively), but their recently published 
structures revealed that they display interesting characteristics. VapD in R. equi has 
β-barrel structural features (PDB ID. 4CSB), whereas VapD in H. pylori has α-helix 
and β-sheet structural features and endoribonuclease activity (PDB ID 3UI3) [23,24]. 
In a preliminary investigation of the structure of Xf-VapD, we used the protein 
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homology/analogy recognition engine Phyre V 2.0 [33] to identify the closed structure 
of Xf-VapD. We found that 66% of its sequence (Position: 5–107 or CLI–AFE) had 
100% confidence (the probability that the sequences of Xf-VapD and the template 
are homologous) to VapD in H. pylori (Fig. 2A). This structural prediction was 
confirmed using the I-TASSER server [34]. Phylogenetic analyses showed that the 
Xf-VapD and VapD in groups 1 and 2 and H. pylori are homologues and form a 
distinct clade, while the Xf-VapD and VapD of R. equi do not appear to share the 
same evolutionary course (Fig. 2B). 
 
 
 
Fig. 1. Multiple sequence alignments to VapD proteins. Group 1: The X. 
fastidiosa strains 9a5c and Ann-1 (Xf9a5c and XfAnn-1, respectively), G. anatis (Ga), 
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A. actinomycetemcomitans (Aa), and N. meningitides (Nm). Group 2: E. coli (Ec), X. 
campestris (Xc), and H. influenza (Hi). Group 3: H. pylori (Hp) and R. equi (Re). The 
identity values for Xf-VapD are shown in parentheses at the end of each sequence. 
 
 
Fig. 2. Structural and phylogenetic analysis of Xf-VapD. (A) The prediction of the 
3D structure of Xf-VapD was performed using Phyre V 2.0 (red cartoon). A model 
was obtained with 66% of the Xf-VapD sequence and 100% confidence using the 
single highest scoring template. The structure was edited using PyMol. On the right, 
the amino acid sequence is shown with the respective secondary structure and 
confidence. The amino acid residues highlighted in red correspond to the area in the 
red cartoon shown in the 3D structure. (B) The neighbor-joining consensus tree 
inferred for the amino acid sequences of VapD. The values above the branches 
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indicate the Bayesian posterior probabilities for the amino acids (PPaa) and 
nucleotides (PPnt). The values below the branches indicate the results of the 
neighbor-joining method for the amino acids (BSaa) and nucleotides (BSnt) following 
1,000 bootstrap replicates. The minus symbol (‒) indicates that no support was 
reached for this node. The groups are the same as those in Fig. 1. 
 
Recombinant Xf-VapD expression and purification 
Xf-VapD was successfully expressed and purified using the well-established 
protocol that is described in [19]. The complete amino acid sequence was modified 
by removing amino acids to perform the posterior crystallographic assay, as 
described in the experimental procedures. In the first step of the purification, Xf-VapD 
fused to a thioredoxin (trx-tag) was obtained with a molecular mass of approximately 
30 kDa. In the second step, after cleavage with a 1 mg/mL trypsin solution, purified 
Xf-VapD (6.85 mg/L of bacterial culture) was obtained with a molecular mass of 16.5 
kDa (Fig. 3). Protein identity was confirmed using mass spectrometry.  
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Fig. 3. Purification of recombinant Xf-VapD. A chromatogram showing the two 
steps used in the purification of Xf-VapD: Xf-VapD fused with a trx-tag was obtained 
first, and then trypsin cleavage was used to remove the trx-tag. On the right, a 12.5% 
SDS-PAGE is shown for the Xf-VapD purification process. The lanes are as follows: 
M, protein marker; 1, Xf-VapD fused to trx-tag (31 kDa); 2, Xf-VapD and trx-tag after 
cleavage with trypsin; 3, totally purified Xf-VapD (16.5 kDa); and 4, trx-tag (~13 kDa). 
The gel was stained using Coomassie brilliant blue. 
 
Secondary structure and thermo stability assay of Xf-VapD 
The secondary structure of Xf-VapD was determined using CD spectroscopy 
data. This analysis revealed a high proportion of α-helices (69%) and a minor β-sheet 
component (19%) (Fig. 4A). CD spectroscopy was also used to determine the 
thermodynamic stability of Xf-VapD. For these experiments, the recombinant protein 
was tested along a temperature gradient ranging from 20 °C to 100 °C. During the 
heating phase, Xf-VapD had shown a capacity to withstand a high temperature and a 
Tm of 83 °C (Fig. 4B). The cooling phase did not result in the refolding of Xf-VapD. 
This irreversible denaturation generally occurs as a result of the aggregation of 
unfolded polypeptides [36].  
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Fig. 4. Secondary structure and thermo stability assay of Xf-VapD. (A) Circular 
dichroism spectrum (200 nm–260 nm) of the recombinant purified Xf-VapD. The 
secondary structure of the protein was found to be 69% α-helices, 19% β-sheets, and 
12% random coils. (B) Thermal unfolding/refolding of Xf-VapD. At 83 °C during the 
heating phase, 50% of the proteins were unfolded (red marker). The conformational 
structure of the protein was not restored during the cooling phase.   
 
Functional characterization of Xf-VapD 
Ribonuclease activity has been observed in VapD and CRISPR-associated 
Cas2 proteins [21,23]. Thus, a ribonuclease activity assay was performed using an 
RNase detection kit (RNaseAlert® QC System, Life Technologies, USA) to determine 
whether Xf-VapD has a similar protein function. This kit is composed of a modified 
RNA that emits green fluorescence when cleaved by RNase. Activity was tested at 
two temperatures (37 °C and 90 °C). Xf-VapD showed ribonuclease activity at both 
temperatures. Heating the test solution to 90 °C resulted in a 50% reduction in the 
maximum relative fluorescence units (RFU) compared to the RFU observed at 37 °C 
(Fig. 5A), which supported the results of the CD unfolding experiments. The positive 
control (ribonuclease A) and the negative controls (Xf-VapD buffer and nuclease-free 
water) corresponded to the results observed in the quality assay. The basal values in 
the negative controls (close to 250 RFU) were normal according to the kit protocol. In 
vitro tests performed using total RNA obtained from E. coli also demonstrated the 
ribonuclease activity of Xf-VapD at different protein concentrations (Fig. 5B). In 
addition, interaction tests using long (2 kb) and short (20 bp) dsDNA and ssDNA (26 
nt) were performed. However, Xf-VapD did not show a level of activity that is 
equivalent to the level found using RNA substrates (Fig. 5C-E).   
83 
 
 
 
Fig. 5. Enzymatic activity assay of Xf-VapD. (A) The lanes contain one positive 
control, two negative controls, and the Xf-VapD samples that were treated at 37 °C 
and 90 °C. The values are shown in RFU/time units. The curves show that Xf-VapD 
demonstrated ribonuclease activity at both 37 °C, and after heating to 90 °C. (B) 
Lane 1 contains RNA alone, and lanes 2 to 5 contain RNA with Xf-VapD (1 µM, 5 µM, 
10 µM and 20 µM, respectively). (C) Lane 1 contains dsDNA (2 kb) alone, and lanes 
2 to 3 contain dsDNA (2 kb) with Xf-VapD (20 µM and 50 µM, respectively). (D) Lane 
1 contains dsDNA (20 bp) alone, and lanes 2 to 3 contain dsDNA (20 bp) with Xf-
VapD (20 µM and 50 µM, respectively). (E) Lane 1 contains ssDNA (26 nt) alone, 
and lane 2 contains ssDNA (26 nt) with Xf-VapD (50 µM). 
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Analysis of Xf-VapD expression in different biofilm and 
planktonic growth phases   
The function of VapD remains unknown in many organisms. As shown in Fig. 
5, Xf-VapD demonstrated ribonuclease activity, which is an important function that 
has been observed in members of the CRISPR/Cas2 system [37]. X. fastidiosa has 
two modes of growth. Planktonic growth occurs when the cells are dispersed in the 
media, while biofilm growth involves the cells adhering to biotic or abiotic surfaces 
and multiplying to form microcolonies. Biofilm growth is an important feature of 
virulence symptoms in CVC [9]. Thus, we next evaluated protein expression levels in 
the Xf9a5c and XfJ1a12 strains during the following five growth timepoints: reversible 
attachment (at three days), irreversible attachment (at five days), initial maturation (at 
10 days), mature biofilm (at 20 days), and dispersion (at 30 days). Planktonic cells 
were also analyzed at the same time points. An important feature of the 
nonpathogenic XfJ1a12 strain is its inability to form a thick biofilm to induce CVC 
symptoms when inoculated in citrus plants [38,39]. Thus, we used this 
nonpathogenic strain as a control to determine whether there is a difference in Xf-
VapD expression between virulent and non-virulent strains because Xf-VapD has 
been associated with virulent characteristics.           
During the biofilm growth induced by Xf9a5c, an increase in Xf-VapD 
expression was detected, and this increase was correlated with the development of 
the biofilm (Fig. 6A). The expression of Xf-VapD was significantly increased in this 
strain between days 20 and 30, which are timepoints that correspond to the mature 
biofilm and dispersion stages, respectively. In these cells, during the planktonic 
growth phase, no significant difference in Xf-VapD expression was observed 
between days three, five and 10, but Xf-VapD expression was increased on days 20 
85 
 
and 30 of growth. However, in the XfJ1a12 cells, while Xf-VapD was expressed 
during all stages of planktonic growth, no significant difference was found between its 
expression on days 20 and 30 of growth, unlike what was observed in the virulent 
strain (Fig. 6B). A decrease in VapD expression was observed in this strain on only 
the 5th day. 
 
 
Fig. 6. Western blot analyses of Xf-VapD expression in X. fastidiosa cells. (A) 
Strain 9a5c in planktonic and biofilm growth. (B) Strain J1a12 in planktonic growth. 
The band values were obtained using ImageJ software. The values above the bars 
indicate the average of three biological replicates. The error bars indicate the 
standard errors of the means. The asterisk (*) indicates a significant difference 
compared to the days of growth indicated in the brackets (Student’s t-test, p<0.05).  
 
 
Discussion  
The main mechanism of the pathogenicity of X. fastidiosa lies in its capacity to 
form biofilms, which cause vascular occlusions inside xylem vessels, leading to water 
stress [40]. However, many of the molecular mechanisms involved in its virulence 
86 
 
have not been fully explored. Interestingly, 64 ORFs have been predicted in the 
pXF51 plasmid of Xf9a5c. Among these, only one, Xfb0051, which encodes Xf-VapD, 
has been associated with the pathogenesis caused by vascular occlusions [13,41]. 
Xf-VapD is characterized as a virulence-associated protein, but its contributions to 
virulence and pathogenicity are not understood. However, by definition, virulence-
associated genes must act in one of three ways: by regulating the expression of 
virulence genes, by activating virulence factors via translational modification, 
processing or secretion, or by co-activating true virulence factors [42].   
In the NCBI data bank, Xf-VapD is annotated as the CRISPR system-
associated protein Cas2, which has been associated with endoribonuclease activity. 
In addition to conferring immunity against phages and plasmids, the Cas2 proteins 
are virulence factors in L. pneumophila [21]. Most VapD proteins in bacterial species 
have unknown functions. The PDB data bank (http://www.rcsb.org) contains only two 
resolved VapD structures, 3UI3 and 4CSB [23,24]. However, these two structures 
are very different, suggesting that they have distinct functions. Xf-VapD has high 
identity with VapD in several bacteria. Phylogenetic analyses have shown that the 
VapD sequences in H. pylori and R. equi are not closely related with Xf-VapD (Fig. 
2B). However, an in silico prediction showed that Xf-VapD has high structural and 
functional homology with VapD in H. pylori (3UI3) (Fig. 2A). The structural and 
functional similarities between Xf-VapD and VapD in H. pylori, in addition to the high 
identity observed in these sequences in other species, suggest that a change 
occurred along the evolutionary course of VapD that led to the preservation of 
functions between homologous species.  
In the present study, we demonstrate that Xf-VapD is a thermostable protein 
(Fig. 4B). Several factors are associated with thermal stability, including hydrophobic 
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interactions, ionic interactions, and amino acid preference. However, the specific 
contributions of these factors vary among different proteins, and this makes them 
difficult to explore [43,44]. The necessity of any one of these characteristics in a 
protein is usually associated with the maintenance of structural folds and functional 
activities under extreme environmental conditions [45]. The hostile environment 
inside xylem vessels is caused by factors including a low concentration of solutes in 
the sap and oscillations in these concentrations [46], and these may require a 
pathogen to be more resistant to antagonistic agents. In this way, protein stabilization 
by hydrophobic interactions can, for example, play an important role in the spread of 
bacteria within a host. 
Heat resistance is a common characteristic of ribonucleases [47-49]. This 
motivated us to investigate this heat resistance in Xf-VapD. Enzymatic tests showed 
that at 37 °C, Xf-VapD has ribonuclease activity. After heating the solution to 90 °C, 
Xf-VapD maintained 50% of its activity. Ribonucleases are associated with the 
establishment of virulence in many pathogenic bacteria, in which they act to regulate 
non-coding RNAs at several levels, including their biogenesis, processing and 
turnover [50,51]. In Vibrio cholera, for example, the YbeY protein is a ribonuclease 
that is essential for virulence and stress regulation [52], whereas ribonuclease R is a 
virulence factor that is important during the first steps of infection, adhesion and 
invasion of eukaryotic cells by Campylobacter jejuni [53]. 
Our preliminary investigation of the structural and functional characteristics of 
Xf-VapD is an important step towards understanding the role of this protein. In this 
study, we show that the secondary structure of Xf-VapD is 69% α-helices and 19% β-
sheets. These results support previous structural predictions in which PSIPRED was 
used. Moreover, a new strategy for expressing a modified amino acid sequence of 
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the protein was necessary to avoid instabilities that were observed during 
crystallographic assays (data not shown). Research is in progress to determine the 
3D structure of Xf-VapD.  
The expression of Xf-VapD was observed in Xf9a5c and XfJ1a12 cells. In 
prokaryotes, ribonucleases participate in the transcriptional and post-transcriptional 
control of gene expression, in regulating plasmid replication, and in maintaining the 
transfer of genetic material by controlling the levels of antisense RNAs and small 
RNAs [54-57].  
Interestingly, differences in the expression profile of Xf-VapD between virulent 
and nonpathogenic strains were observed in planktonic cells. While Xf-VapD 
expression in the virulent strain, Xf9a5c, increased as cell growth increased (Fig. 6A), 
the non-virulent XfJ1a12 cells did not exhibit similar behavior (Fig. 6B). An analysis of 
Xf-VapD levels in the biofilms of XfJ1a12 cells was not performed because this strain 
forms a very thin biofilm in vitro. During Xf9a5c biofilm growth, an increase in the 
expression of Xf-VapD was observed from day 20 to day 30 during both biofilm and 
planktonic growth (Fig. 6A). These results support the findings of studies of VapD 
gene expression in X. fastidiosa [58]. 
The results of this study indicate that there is a need to increase the number of 
studies investigating Xf-VapD and the mechanisms that contribute to its virulence. 
These should include studies that use site-directed mutagenesis assays. The 
functional characterization of Xf-VapD as a thermostable ribonuclease that is 
primarily expressed in the mature biofilms of the virulent 9a5c strain is an important 
step toward increasing our understanding of the biological significance of Xf-VapD in 
this pathosystem.   
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5. DISCUSSÃO GERAL 
 
 A prevalência de determinado patógeno em seu hospedeiro é conduzida por 
uma variedade de mecanismos moleculares, que, em grande parte, tornam 
laboriosas as tomadas de decisões acerca do combate e profilaxia à infecção. X. 
fastidiosa apresenta um mecanismo de patogenicidade aparentemente simples, uma 
vez que muitos estudos apontam para o bloqueio do fluxo ascendente da seiva do 
xilema como o principal motivo da manifestação da doença na planta. Entretanto, 
características intrínsecas ao desenvolvimento do biofilme, como a expressão de 
diferentes genes mediados pelo quorum sensing, têm elevado a discussão acerca 
da participação de reações moleculares mais efetivas, as quais sejam responsáveis 
pela estruturação do biofilme e disseminação da bactéria após a sua entrada nos 
vasos do xilema.  
O sequenciamento do genoma de X. fastidiosa trouxe uma nova 
compreensão acerca dos mecanismos moleculares utilizados pelo patógeno para, 
tanto se manter, como e se difundir dentro do seu hospedeiro; entretanto, uma 
grande quantidade de produtos gênicos continua sem compreensão, como proteínas 
consideradas hipotéticas e outras relacionadas com o processo de virulência. Desta 
forma, ao optarmos por estudar o papel funcional da proteína VapD e sua 
participação no processo de formação do biofilme, levamos em consideração a 
possibilidade de agregar maior conhecimento acerca do processo de patogenicidade 
através de uma proteína presente em diferentes bactérias patogênicas, porém pouco 
compreendida. Não obstante à dificuldade de compreensão do seu papel no 
patossistema, VapD apresentou características promissoras para a continuação dos 
estudos, como a sua função de ribonuclease termoestável, inclusive podendo tal 
função ser evidenciada após a proteína ser aquecida a 90°C. Adicionalmente, sua 
participação em todo o processo de formação do biofilme, com destaque no biofilme 
maduro e na fase de dispersão, pode indicar uma função de regulação importante 
para todo o sistema de desenvolvimento da bactéria. 
Da mesma forma, procurou-se compreender detalhadamente como X. 
fastidiosa distribui seus diferentes componentes de virulência através da 
identificação das proteínas secretadas. Mesmo compreendendo que este estudo não 
é conclusivo, do ponto de vista de uma interação planta-patógeno, a obtenção de um 
mapa de secretoma in vitro reproduz um perfil de alto valor informativo, uma vez que 
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descreve o potencial mecanismo de virulência de um patógeno via diferentes 
sistemas de secreção. A presença de um biofilme bem desenvolvido corroborou as 
expectativas quanto à identificação de uma maior quantidade de proteínas, 
mostrando a importância desta fase no patossistema. Por outro lado, a redução 
drástica de proteínas secretadas por X. fastidiosa em resposta à suplementação 
com cálcio abriu a possibilidade de realizar inferências bastante plausíveis quanto à 
interação planta-patógeno. 
Alguns trabalhos publicados têm relatado uma correlação entre a infecção de 
X. fastidiosa e um acúmulo de cálcio no local da infecção em  plantas de tabaco e de 
laranja. Em um destes trabalhos, mostrou-se um grande acúmulo de cristais de 
oxalato de cálcio (CaOx) como consequência pós-infecção. Estes cristais são 
formados pela associação do ácido oxálico com o cálcio, formando estruturas 
cristalizadas e insolúveis. A formação destes cristais é um mecanismo bastante 
recorrente na maioria das plantas, porém, possui diferentes funções a depender da 
morfologia de cada cristal formado no interior dos idioblastos, podendo ser 
classificados como drusas, ráfides, estiloides, prismas, ou cristais arenosos. A 
maioria dos cristais de CaOx possui função de defesa contra herbivoria de insetos 
mastigadores, entretanto, também desempenham papel na regulação do excesso de 
cálcio, e até mesmo como fonte de oxalato para o processo de apoptose mediado 
pela enzima oxalato oxidase.  
Estas informações são importantes, uma vez que os cristais de CaOx 
encontrados nas plantas de laranja não possuem uma morfologia que possa ser 
classificada com função de defesa à herbivoria, como pode ser visualizada na Figura 
8. Ao que parece, os cristais de CaOx foram formados com a função de retirar do 
sistema um excesso de cálcio, que, por consequência, poderia elicitar mecanismos 
de morte celular programada, uma vez que este elemento é um poderoso sinalizador 
apoptótico. Entretanto, podemos prolongar a discussão ao inferir que os sintomas 
necróticos presentes nos tecidos infectados, como pode ser observado na Figura 2, 
podem ser consequência de um processo de apoptose deflagrado ou estimulado 
pelo excesso de cálcio no local da infecção.     
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Figura 8. Formação de cristais de oxalato de cálcio em vasos xilemáticos de Citrus 
sinensis após infecção por X. fastidiosa. Fonte: Alves et al., (2009). 
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6. RESUMO DOS RESULTADOS 
 
 
Manuscrito 1: Secretoma 
 
 O número de proteínas secretadas por X. fastidiosa aumenta concomitante ao 
desenvolvimento do biofilme nas duas estirpes analisadas (9a5c e J1a12). 
 
 As estirpes 9a5c e J1a12 tiveram, ao total, 50 e 48 proteínas identificadas, 
respectivamente. Entretanto, os estágios de biofilme maduro (20 dias) e 
dispersão (30 dias) apresentaram as maiores diferenças entre as estirpes 
estudadas.  
 
 Foram identificadas 26 proteínas exclusivas da estirpe 9a5c e 24 da J1a12. 
Outras 24 foram encontradas em ambas as estirpes. 
 
 Não houve uma diferença considerável na quantidade de proteínas 
secretadas após a aplicação de dosagem subletal de tetraciclina em ambas 
as estirpes após dez dias de crescimento. 
 
 A suplementação do meio de crescimento com cálcio reduziu drasticamente a 
secreção de proteínas, além de aumentar consideravelmente a formação do 
biofilme.  
 
 
 
Manuscrito 2: VapD 
 
 VapD de X. fastidiosa possui homologia com VapD de Helicobacter pylori, 
apresentando estrutura predominantemente de α-hélice. 
 
 VapD é uma proteína com atividade de ribonuclease. 
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  VapD é uma proteína termoestável, podendo ser observado atividade 
funcional de ribonuclease após tratamento a 90°C. 
 
 VapD não é uma proteína exclusiva de estirpes virulentas de X. fastidiosa, 
podendo sua expressão ser observada durante as fases de desenvolvimento 
da estirpe J1a12.   
 
 VapD possui maior expressão na estirpe virulenta 9a5c quando comparada 
com a J1a12, sendo mais expressa no estágio de biofilme maduro (20 dias) e 
dispersão (30 dias). 
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7. CONCLUSÕES 
 
 Os estudos de caracterização funcional e expressão de VapD permitiram 
desvendar uma importante função atribuída à única ORF relacionada à virulência 
encontrada no plasmídeo pXF51 de X. fastidiosa. A sua atividade de ribonuclease 
termoestável associada à sua expressão no processo de formação do biofilme, com 
destaque nos estágios de biofilme maduro e dispersão, são fortes indicadores de 
uma participação dinâmica no estabelecimento de X. fastidiosa em seu hospedeiro.  
 Por outro lado, a obtenção de um mapa detalhado das proteínas secretadas 
por X. fastidiosa possibilitará novas abordagens acerca do comportamento deste 
fitopatógeno nos processos de infecção, manutenção e disseminação dentro do 
hospedeiro. Assim como mostrado, a mudança drástica em seu comportamento com 
redução de secreção de muitos fatores de virulência após interação com uma maior 
concentração de cálcio, este estudo abre novas possibilidades para compreender 
ainda mais os mecanismos de patogenicidade de X. fastidiosa. 
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8. PERSPECTIVAS 
 
Com base nos resultados aqui apresentados, novas abordagens poderão ser 
realizadas, como um estudo completo de caracterização estrutural da proteína 
VapD, processo que encontra-se em andamento. Avanços na compreensão do 
mecanismo de secreção também poderão ser realizados, como a identificação das 
proteínas secretadas apenas pelas vesículas, além de um maior aprofundamento na 
relação entre o processo de infecção e a presença de cálcio no hospedeiro, por meio 
da quantificação de ácidos orgânicos via cromatografia e Espectrometria de Emissão 
Atômica por Plasma Acoplado Indutivamente (ICP-AES), além de testes de detecção 
de apoptose por cortes histológicos marcados com substrato cromogênico 
diaminobenzidina (DAB). 
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